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Abstract—The small gate overvoltage margin is a crucial
concern in applications of GaN Schottky-type p-gate high electron
mobility transistors (SP-HEMTs). The parasitic inductance of the
gate loop can induce repetitive gate-voltage (Vc) spikes during the
device turn-on transients. However, the gate lifetime of the GaN
SP-HEMTS under Ve overshoot in power converters still remains
unclear. We fill this gap by developing a new circuit method to
measure the gate switching lifetime. The method features several
capabilities: 1) LC-resonance-like VG overshoots with pulse width
down to 20 ns and dVc/dz up to 2 V/ns; 2) adjustable power loop
condition including the drain-source grounded (DSG) as well as
the hard switching (HSW); and 3) repetitive switching test at an
adjustable switching frequency (fsw). We use this method to test
over 150 devices, and found that the gate lifetimes under a certain
peak magnitude of Vc overshoot (Vgrk)) can be fitted by both
Weibull and Lognormal distributions. The gate lifetime is
primarily determined by the number of switching cycles and is
higher under the HSW than under the DSG conditions. Finally,
the max Vgek) for 10-year gate lifetime is predicted under
different fsw in both DSG and HSW conditions. The results
provide direct reference for GaN SP-HEMT’s converter
applications and a new method for the device gate qualification.
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[. INTRODUCTION

Gallium nitride (GaN) high-electron mobility transistors
(HEMTs) enable very-high-frequency switching in power
electronics [1]. The Schottky-type p-gate GaN HEMT (SP-
HEMT) has become a popular normally-off GaN device of
choice in the market [2]. However, a major concern in their
applications is the small Vs headroom between the typical
driving voltage and the suggested maximum allowable voltage
(as low as 1 V [3]). On the other hand, the common gate-loop
inductance in power converters can easily induce the positive
gate-voltage (V) overshoots in the device turn-on transient. It is
thus critical to understand the gate switching lifetime of GaN
SP-HEMTs under the application-use conditions.
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The current practice for GaN SP-HEMT gate qualification is
usually based on HTGB test at V5=6.5 V [4]. This Si-MOS-
based qualification is insufficient for GaN SP-HEMTs due to
their higher gate leakage current (/) and narrower Vg margin.
Many groups have used the accelerated DC tests with Vg =9~10
V based on a constant stress or step stress [S]-[9]. Recently, the
square-wave pulse IV was used to study the gate lifetime [10]—
[12].

However, DC and pulse IV do not resemble the device’s Vg
overshoot in power converters, due to several reasons: 1) the Vg
overshoot is usually resonance-like with a waveform different
from DC or square-wave, and with a dv/dt higher than that in the
pulse IV test; 2) in the inductive-load hard switching (HSW),
sharp changes in drain-to-source voltage (V'ps) and current (/ps)
occur concurrently with the Vg overshoot, while prior SP-
HEMT gate lifetimes are mostly extracted under the drain-
source grounded (DSG) condition. Thus, a new method is
needed to characterize the gate lifetime of SP-HEMTsS in the
inductive power switching.

Recently, we developed a new circuit method to produce Vg
overshoot in power converters under both DSG and HSW
conditions, and used this method to unveil the dynamic gate
breakdown voltage of GaN SP-HEMTs [13]. In this work, we
use this method to measure the gate switching lifetime of GaN
SP-HEMTSs under repetitive switching operations. The gate
lifetime’s dependences on the switching frequency (fsw) and the
peak magnitude of Vg overshoot (Vgpk)) are studied. For the first
time, the strong impact of the drain switching locus on the gate
lifetime is also revealed for GaN SP-HEMTs.

II. TEST SETUP

A. Device Under Test and Circuit Design

The device under test (DUT) in this work is a 650V/30A
rated GaN SP-HEMT [14] (Fig. 1(a)). Fig. 1(b) shows the static
16~V characteristics at temperatures from 25 to 150 °C.

Fig. 2(a) shows the circuit schematics in the DSG condition.
The DUT’s gate loop comprises an inductor Lg, a low-voltage
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Fig. 1. (a) Schematics of the DUT. (b) Static /5-Vs-T characteristics with

a 0.1-A current compliance measured by Keysight B1505 curve tracer.
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Fig. 2. Circuit schematics and working phases of circuits in (a) drain-source-
grounded (DSG) and (b) hard-switching (HSW) conditions. (¢) Circuit Photo.

DC source Vpp (0.5 V in this work), and a fast switch [15] (S)).
Fig. 3(a) shows the test waveforms in a single pulse. In phase
I, Si turns on, Lg is charged by Vop. In phase 11, S) turns off,
energy stored in Lg creates a positive LC-resonant overshoot
directly at DUT’s gate. Here L = Lg, and C can be estimated by
the sum of the DUT’s input capacitance [Ciss(DUT)] and the
Si’s output capacitance [Coss(S1)]. The Vs-overshoot pulse
width (defined as half of the resonant period) can be tuned by
Lg. Once the Lg is selected, the Vg peak magnitude (Vgpk)) can
be tuned by the on time of ;. This design shares the similar
principle to the unclamped inductive switching circuit, which
creates an overshoot on the drain side of the DUT [16]. After
the positive overshoot, when DUT’s Vg resonates to negative,
and S is reversely turned on, setting the DUT’s Vg to the Si’s
reverse conduction voltage (near -5 V). After that, the DUT’s
VG will continue to ring and gradually damped by the loop-
parasitic resistance till it is stabilized to be equal to Vpp.

To investigate the gate lifetime in HSW, an inductive load
is added to the DUT’s drain-source loop (Fig. 2(b) and Fig.
2(c)), which comprises a 400-V bus voltage (Vsus), a 24-mH
load inductor (Lroap), a free-wheeling diode (FWD) composed
of three paralleled diodes [17]. Another 1-uH inductor (Lp) is
added to mimic the main-loop parasitics and to suppress the
peak Ips and its overlap with high Vps to prevent thermal
runaway. Fig. 3(b) shows the test waveforms in a single pulse.
When the Vg exceeds the DUT’s threshold voltage (Vru), DUT
will go through the hard turn on during the ¥ overshoot.
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Fig. 3. Typical switching waveforms in a single cycle with ¥ overshoot
(pulse width = 20 ns) in (a) DSG and (b) HSW conditions.
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Fig. 4. (Left) Thermal camera image showing the DUT’s case temperature
(Tc) of 125 °C in switching. (Right) Junction temperature (7)) estimation.
The thermal resistance (Re) is from the datasheet.
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Fig. 5. Repetitive 400V/4A/100kHz HSW waveforms with ¥ overshoot
(Vaexy= 18V) in each cycle, showing the stable Vgexy and HSW
waveforms for gate lifetime characterization.

B. Repetitive Switching for Lifetime Measurement

The gate lifetime is measured under the repetitive switching
with Vs overshoots until the DUT failure. We developed a
customized program to record the waveform and count the
number of switching cycles to failure (SCTF#). To best mimic
the fast overshoot in practical applications, the Vg-overshoot
pulse width is set as 20 ns. Under this pulse width, the DUT’s
single-pulse dynamic gate breakdown voltage (BVpyw) is >20 V
[13]. This work studies the gate lifetime at various Vgrpk) below
BVoyn, at fsw =10 and 100 kHz, and under both DSG and HSW
conditions. The DUT’s case temperature (7c¢) is kept at 125 °C,
as heated by a power resistor attached to its case. The junction
temperature (77) in HSW is estimated to be below 129 °C (Fig.
4). Over 150 devices from the same batch are characterized for



statistical significance. Fig. 5 shows the continuous waveforms
under 18-V Vgeky, 100-kHz fsw, and HSW as an example.

III. TEST RESULTS

For each test condition, 10 devices were tested to failure. As
shown in Fig. 6, in either DSG or HSW condition, the measured
SCTF# at 100 kHz shows a reducing trend at higher Vgpk) (15.5
to 17.5 V in DSG condition, and 17.5 to 19.5 V in HSW
condition), and the SCTF# of the 10 devices tested at each
Varky can be fitted by both the Weibull and lognormal
distributions. The Weibull fitting shows a shape factor g > 2,
indicating a wear-out failure.

Also, in each test condition, using either Weibull or
lognormal distribution, the SCTF# with failure probability (i.e.,
the cumulative distribution of failure) at 63% and 1%o
(SCTF#e3% and SCTF#14,) can be extracted, respectively. Then,
based on the assumption that the power law relation between
the SCTF# and the Vgpx) is valid at lower Vgpk), the maximum
Varky for a 10-year switching lifetime at this fsw can be
extrapolated from the measured SCTF#¢30, and SCTF#y, at
several high Vgrk). As shown in Fig. 7(a), at fsw= 100 kHz, in
the DSG condition, Vgek) = 7.6 and 7.7 V are predicted using
the SCTF#e30, extracted from the Weibull and lognormal
distributions, respectively, for a failure probability at 63% after
10 years; Vgek) = 5.7 and 6.1 V are predicted correspondingly
using data fitted from two distributions for a failure probability
at 1%o after 10 years. In the HSW condition (Fig. 7(b)), Vaek)
=12.8 and 12.7 V are expected to cause 63% of the devices to
fail after 10 years, using the same extrapolation method; and
Vaeky = 10.1 and 10.8 V are predicted to result in 1%o of the
devices with gate lifetime shorter than 10 years
correspondingly.

The SCTF# at the same V), as well as the extracted
maximum Vgrk) for 10-year lifetime, are found to be higher in
HSW than those in DSG. This trend is consistent with the
BVpy~ comparison in HSW and DSG [13], suggesting a similar
underlying physics. Such phenomena can be explained by the
channel potential lift by high Vps, which reduces the potential
drop across the gate stack and the peak electric field in the gate
stack [13].

Finally, we studied the fsw dependence of the SCTF#. The
mean-SCTF# (MSCTF#) as well as the Weibull distribution of
the SCTF# at fsw = 10 kHz are found to be similar to those at
fsw = 100 kHz. Fig. 8 shows the exemplar data for two
conditions: 1) DSG at Vgeky = 17.5 V and 2) HSW at Vgek) =
19.5 V. The similar MSCTF# at two fsw indicates that the gate
lifetime is primarily dominated by the switching cycle number
instead of the total switching time when the device is switching
in a range from 10 to 100 kHz. Based on the assumption that
this phenomenon also holds at lower fsw range, we can predict
the maximum Vgepk) for a 10-year gate switching lifetime at a
certain fsw (10 years = SCTF#/fs, ). Fig. 9 shows the
projected maximum Vgpk) for 10-year lifetime at fsw from 100
Hz to 100 kHz, at a failure probability of 63% and 1%o,
respectively. Here the SCTF#¢39, and SCTF#4, data extracted
from the Weibull distribution are utilized.
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Fig. 6. Switching-cycle-to-failure number (SCTF#) tested at fsw=100 kHz
under various V), in (a) DSG and (b) HSW conditions. In each condition,
10 devices are tested. The SCTF# under each Vi is fitted by (Left) Weibull
and (Right) lognormal distributions. (Symbol: test results; line: fitting)
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Fig. 9. The projected max V) for 10-year lifetime as function of ., (100
Hz ~100 kHz) under the DSG and HSW conditions, at failure probability
of 63% and 0.1%. Weibull distribution is used. The max Vg is estimated
by assuming the same SCTF# ~Vpx) relation in this fsw range.

IV. CONCLUSIONS

This work characterizes the gate switching lifetime of GaN
SP-HEMTs using a new circuit method. The circuit features: 1)
repetitive, resonant Vg overshoot with practical dVe/dt; 2) the
HSW condition in the main power loop that is not accessible by
the conventional DC or pulse-IV tests. Under the same gate
overshoot voltage, the gate switching lifetime is found to be
higher under the HSW condition than that under the DSG
condition. The gate lifetimes of multiple devices tested under the
same Vgek) can be fitted by both Weibull and Lognormal
distributions. The extracted SCTF#’s dependence on Vgpk) can
be fitted by a power law. The max Vgpk) for 10-year-gate-
switching lifetime is predicted at different switching frequencies
under both the HSW and DSG conditions. Generally, the gate
lifetime is found to be longer under the HSW condition than
under the DSG condition at the same Vgpk).
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