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Abstract— The behavior under overvoltage stress was
compared between clamped inductive switching (CIS) and
unclamped inductive switching (UIS) in Ohmic p-Gate GaN-
HEMTSs. In both cases, failure causes hole current to flow from
the drain to the substrate. However, the changes in drain voltage
at failure, peak voltage shift under repeated stress, and drain-
source capacitance shift showed opposite trends. These
differences between CIS and UIS are attributed to the distinct
effects of electron and hole traps on electric field concentration
at the drain electrode edge. However, regardless of the trap
polarity, impact ionization at the drain electrode edge destructs
the drain—substrate heterostructure, and thus current always
flows between them at failure.
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1. INTRODUCTION

GaN-HEMTs are being rapidly adopted in power
electronics applications [1]. However, GaN-HEMTs have
little to no avalanche-withstanding capability; their
breakdown, induced by the peak electric field in GaN, usually
results in catastrophic failure [2]-[3]. Therefore, commercial
GaN-HEMTs are designed with a breakdown voltage much
higher than the rated voltage to provide a large overvoltage
margin in converter applications [4]. This, however, presents
an obstacle to reducing on-resistance.

For reliable design in GaN-HEMTs, degradation behavior
due to overvoltage stress have been investigated [5]-[6].
Previous experimental studies have found that holes generated
by impact ionization induce catastrophic failure and time-
dependent breakdown [7]-[8], and the failure location is
determined by the path of the hole current.

In power electronics applications, surge voltage occurs
during the turn-off switching of GaN-HEMTs, resulting in
overvoltage stress. The voltage and current waveforms differ
between hard and soft switching. Under hard switching, high
voltage is applied before current reduction, whereas under soft
switching, high voltage is applied after current turn-off.
Therefore, the acceleration of channel electrons, carrier
trapping, and related behavior under overvoltage are also
expected to differ. However, the variation in this behavior
depending on the circuit topology, as well as the processes
leading to device failure, have not been studied in detail.

This paper compares the behavior of GaN-HEMTSs under
clamped inductive switching (CIS), which emulates surge
generation in hard switching, and unclamped inductive
switching (UIS), which resembles surge generation in soft
switching, and reports the findings on carrier effects and
failure mechanisms.

This work was supported by JSPS KAKENHI Grant Number JP23H01469.

II. EXPERIMENTAL SETUP

The test setup is shown in Fig. 1. In the CIS, after the drain
voltage rises, the drain current begins to decrease. Because the
current path rapidly switches from the GaN-HEMT to the SiC-
SBD, the dI/dt is large, and the duration of the voltage surge
is short. By inserting an inductance L4, a voltage surge is
generated due to the dI/dt during turn-off.

In contrast, in the UIS, the current path does not change,
and the output capacitance of the GaN-HEMT is charged by
the drain current. Consequently, the drain voltage increases
more gradually compared with the CIS, while the drain current
decreases, becoming nearly zero near the drain voltage peak.
A voltage surge occurs due to resonance between the load
inductance and the output capacitance of the GaN-HEMT.

As described above, in CIS and UIS, similar to hard and
soft switching, the magnitude of the current flowing under
high voltage, the duration of the voltage surge, and the
mechanism of surge generation are different. However, in
both cases, increasing the test current leads to a higher surge
voltage. Therefore, the test current was gradually increased to
investigate the behavior leading to device failure by
overvoltage stress.

For both CIS and UIS, single-pulse tests and burst tests [9],
which consisted of applying the same stress repeatedly ten
times, were conducted. In the burst tests of CIS and UIS, the
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Fig.1 Test circuit of (a) clamped inductive switching (CIS) and (b)
unclamped inductive switching (UIS).
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Fig. 2 Single CIS waveforms of an Ohmic p-gate GaN-HEMT (a) before
failure and (b) at failure.

stress cycles were set to 100 ps and 40 ps, respectively, under
a constant test current. The DUT was a 600 V-class Ohmic p-
gate GaN-HEMT (Infineon IGLD60R070D1) [10]. All
measurements were performed at room temperature.

III. CIS AND UIS WAVEFORMS

Fig. 2 shows the waveforms before and at failure in the
CIS test. After the drain voltage peak, increases in the
substrate current /» and the drain voltage Vi were observed.
Prior to failure, these increases were small, however, at
failure, distinct changes were evident. It is considered that,
under high-voltage stress, impact ionization occurs,
generating holes that flow into the substrate and modulate the
electric field distribution through their charge, resulting in an
increase in Vgs.

In contrast, as shown in Fig. 3, the UIS waveform
exhibited a flow of I, at the time of failure, accompanied by
a decrease in the drain voltage. In the UIS as well, a hole
current was generated by impact ionization. However, the
peak voltage decreases due to dielectric breakdown in the
heterostructure between drain and substrate.

In the burst CIS waveform, a similar tendency was
observed as in the single CIS test. As shown in Fig. 4, although
the same stress was applied, the device did not fail during the
first pulse but failed during the second pulse as shown in Fig.
4(b). In the first pulse before failure, there was no noticeable
increase in the drain voltage waveform after the peak. In
contrast, in the second pulse, the drain voltage increased after
the peak, followed by device failure.

Also in the burst UIS, a similar tendency to that of the
single UIS was observed, as shown in Fig. 5. Before failure,
there was no noticeable change in the drain voltage waveform,
and the drain voltage dropped suddenly at failure. From these
results, it is considered that the failure mechanism is the same
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Fig. 3 Single UIS waveforms of an Ohmic p-gate GaN-HEMT (a) before
failure and (b) at failure.
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Fig. 4 (a) Burst CIS waveform of an Ohmic p-gate GaN-HEMT and (b)
zoomed waveform at failure timing of second pulse.

in both the single- and burst- stress tests. Although the
behavior of the drain voltage waveform differs between CIS
and UIS, in both cases, the holes generated by impact
ionization affect the failure.
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Fig. 5 (a) Burst UIS waveform of an Ohmic p-gate GaN-HEMT and (b)
zoomed waveform at failure timing of sixth pulse.

IV. DISCUSSIONS

The differences in drain voltage behavior between CIS and
UIS are discussed as follows. Fig. 6 shows the changes in peak
voltage for burst CIS and burst UIS tests. In burst CIS,
repeated overvoltage stress causes the peak voltage to
gradually decrease. In contrast, in burst UIS, repeated
overvoltage stress tends to increase the peak voltage. The
changes were enhanced with increasing test current. As shown
in Fig. 7, these trends are observed across multiple devices. In
burst UIS, a decrease in peak voltage is observed just before
failure.

As shown in Fig. 8, the C-V characteristics change due to
repeated overvoltage stress by burst CIS and burst CIS,
suggesting that carrier trapping is the underlying cause. Fig. 9
shows the estimation of trapped carrier charge from changes
in the Cy—Vys characteristics. The results indicate that, in burst
CIS, a decrease in trapped charge suggests the presence of
negative charge, corresponding to electron trapping. In
contrast, in burst UIS, an increase in trapped charge suggests
the presence of positive charge, corresponding to hole
trapping. Furthermore, the decrease in charge observed just
before failure in burst UIS is attributed to hole de-trapping.

In both burst CIS and burst UIS, the peak voltage shown
in Fig. 7 and the trapped charge shown in Fig. 9 exhibit similar
variations. These results suggest that carrier trapping is
induced by repetitive overvoltage stress, and that the electric
field distribution is modulated by the trapped carrier charge,
leading to a change in the peak voltage.

Using TCAD simulations, the influence of trapped carriers
on the electric field distribution under high voltage was
analyzed. The device simulations were conducted using the S-
Device provided by Synopsys [11]. The analysis results are
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Fig. 6 Relation between peak voltage and pulse number at a function of (a)
burst CIS and (b) burst UIS test currents.
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Fig. 7 Change of peak voltage by (a) burst CIS and (b) burst UIS.

shown in Fig. 10. In the simulation, carrier trapping
throughout the GaN channel layer was assumed. The electric
field peak at which impact ionization occurs is located at the
drain electrode edge. Trapping of negative charge,
corresponding to electron traps, enhances the electric field
concentration at the drain electrode edge because the negative
charge causes an expansion of the depletion layer. In contrast,
trapping of positive charge, corresponding to hole traps,
suppresses the electric field concentration at the drain
electrode edge because the positive charge enhances the
electric field concentration at the gate electrode edge.
Consequently, the breakdown voltage decreases with negative
charge and increases with positive charge, as shown in Fig.
10(b).

From these results, in burst CIS, high voltage is applied
when a large current flows, leading to electron trapping and a
decrease in peak voltage due to enhancement of impact
ionization. In contrast, in burst UIS, the drain current near the
voltage peak is small, making electron trapping less likely,
while trapping of holes generated by impact ionization is
pronounced, causing the peak voltage to increase. Although
the peak voltage change differs between CIS and UIS, the
impact ionization location remains at the drain electrode edge.
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Fig. 8 Change of C,-Vy curve by (a) burst CIS and (b) burst UIS.
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Fig. 9 Change of trapped charge by (a) burst CIS test current and (b) burst
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Finally, a large number of holes are generated by impact
ionization, leading to device failure due to dielectric
breakdown of the heterostructure between the drain and the
substrate. Therefore, in CIS as well, an increase in drain
voltage due to the generated holes is observed at the time of
failure.

V. CONCLUSIONS

The differences between CIS and UIS during overvoltage
failure of Ohmic p-Gate GaN-HEMTs were investigated. Due
to the difference in drain current magnitude under high-
voltage application, the changes in drain voltage caused by
overvoltage stress differ between CIS and UIS. In CIS, where
a large current flows, electron trapping occurs, which
enhances the electric field concentration at the drain electrode
edge and results in a decrease in the drain peak voltage. In
contrast, in UIS, where the drain current is small during high-
voltage application, electron trapping does not occur; instead,
hole trapping caused by impact ionization becomes dominant,
leading to an increase in the peak voltage. Although the drain
voltage behavior differs between CIS and UIS, in both cases,
impact ionization occurs at the drain electrode edge, and the
device eventually fails due to dielectric breakdown of the
heterostructure between the drain and the substrate.

REFERENCES

[1] M. Buffolo, D. Favero, A. Marcuzzi, C. De Santi, G. Meneghesso, E.
Zanoni, M. Meneghini, “Review and outlook on GaN and SiC power
devices: industrial state-of-the-art, applications, and perspectives,”
IEEE Trans. on Electron Devices, vol. 71, no. 3, pp. 1344-1355, Mar.
2024, DOIL: 10.1109/TED.2023.3346369.

[2] W. Saito and T. Naka, “UIS test of high-voltage GaN-HEMTs with p-
type gate structure,” Microelectronics Reliability, vol. 64, pp. 552-555,
2016, DOIL: 10.1016/j.microrel.2016.07.066.

(a)

Source

Impact lonization
Rate (1/cm?3s)

1028

Gate

Drain

102

1020

Drain Electrode Edge B 101
iR

v

Trap Carrier = -3x 10%cm 1012

N,
104

Substrate

Trap Carrier =0

Trap Carrier = +3x 10%cm=

Impact lonization Rate (1/cmis)

-100 -50 0 50 100

Position (nm)

1200 Electron Trap T Hole Trap
s ==
7 1
o |
S |
8 |
>
= 1100
s 1
o 1
i) 1
© 1
2 1
o |

1000 L

4 -2 0 2 4
%1010

Trap Carrier Density (cm3)

Fig. 10 Simulation results of (a) impact ionization rate distribution and (b)
breakdown voltage changed by trapped charge.

(3]

(4]

(3]

(el

(7]

(8]

9]

[10

=

(1]

R. Zhang, J. P. Kozak, M. Xiao, J. Liu, and Y. Zhang, “Surge-Energy
and overvoltage ruggedness of P-gate GaN HEMTs,” IEEE Trans.
Power Electron., vol. 35, no. 12, pp. 13409-13419, Dec. 2020, DOI:
10.1109/TPEL.2020.2993982.

T. Kikkawa, T. Hosoda, K. Imanishi, K. Shono, K. Itabashi, T. Ogino,
Y. Miyazaki, A. Mochizuki, K. Kiuchi, M. Kanamura, M. Kamiyama,
S. Akiyama, S. Kawasaki, T. Maeda, Y. Asai, Y. Wu, K. Smith, J.
Gritters, P. Smith, S. Chowdhury, D. Dunn, M. Aguilera, B. Swenson,
R. Birkhahn, L. McCarthy, L. Shen, J. McKay, H. Clement, J. Honea,
S. Yea, D. Thor, R. Lal, U. Mishra, and P. Parikh, “600 V JEDEC-
qualified highly reliable GaN HEMTs on Si substrates,” in IEDM
Technical  Digest, Dec. 2014, pp. 2.6.1-2.6.4, DOL
10.1109/IEDM.2014.7046968.

J. P. Kozak, Q. Song, R. Zhang, Y. Ma, J. Liu, Q. Li, W. Saito, and Y.
Zhang, “Degradation and Recovery of GaN HEMTs in Overvoltage
Hard Switching Near Breakdown Voltage,” IEEE Trans. Power
Electronics, vol. 38, pp. 435446, Jan. 2023, DOL
10.1109/TPEL.2022.3198838.

J. P. Kozak, R. Zhang, M. Porter, Q. Song, J. Liu, B. Wang, R. Wang,
W. Saito, Y. Zhang, “Stability, Reliability, and Robustness of GaN
Power Devices: A Review,” IEEE Trans. on Power Electronics, vol.
38, pp. 8442-8471, 2023, DOL: 10.1109/TPEL.2023.3266365.

M. Borga, M. Meneghini, I. Rossetto, S. Stoffels, N. Posthuma, M. Van
Hove, D. Marcon, S. Decoutere, G. Meneghesso, and E. Zanoni,
“Evidence of Time-Dependent Vertical Breakdown in GaN-on-Si
HEMTSs,” IEEE Trans. Electron Devices, vol. 64, pp. 3616-3621, 2017,
DOI: 10.1109/TED.2017.2726440.

W. Saito and S. Nishizawa, “Impact of p-Gate Contact in GaN-HEMTs
on Overvoltage Stress Failure,” IEEE Trans. Electron Devices, vol. 71,
pp- 3590-3595, 2024, DOL: 10.1109/TED.2024.3388383.

W. Saito and S. Nishizawa, “Failure Process of GaN-HEMTs by
Repetitive Overvoltage Stress,” in Proc. of ISPSD, June 2023, pp. 84-
87, DOL: 10.1109/ISPSD57135.2023.10147411.

Infineon GaN-HEMTs Datasheet of IGLD60R070D1, [Online].
Available: https://www.infineon.com/cms/jp/product/power/gan-
hemt-gallium-nitride-transistor/igld60r070d1/. Accessed: February 15,
2024.

TCAD Sentaurus™ Device User Guide, Sysnopsys, Mountain View,
CA, USA, 2025.



