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Abstract—The small gate overvoltage margin is a key reliability
concern of the GaN Schottky-type p-gate high electron mobility
transistor (GaN SP-HEMT). Current evaluation of gate reliability
in GaN SP-HEMTs relies on either the dc bias stress or pulse I-V
method, neither of which resembles the gate voltage (Vgs) over-
shoot waveform in practical converters. This article develops a new
circuit method to characterize the gate robustness and reliability in
GaN SP-HEMTs, which features a resonance-like Vg ringing with
pulse width down to 20 ns and an inductive switching concurrently
in the drain-source loop. Using this method, the gate’s single-pulse
failure boundary, i.e., dynamic gate breakdown voltage (BVpvyn),
is first obtained under the hard switching (HSW) and drain-source
grounded (DSG) conditions. The gate’s switching lifetime is then
tested under the repetitive Vg ringing, and the number of switch-
ing cycles to failure (SCTF#) is fitted by Weibull or Lognormal
distributions. The SCTF# shows a power law relation with the Vg
peak value and little dependence on the switching frequency. More
interestingly, the gate’s BVpyn and lifetime are both higher in
HSW than those in DSG, as well as at higher temperatures. Such
findings, as well as the gate degradation behaviors in a prolonged
overvoltage stress test, can be explained by the time-dependent
Schottky breakdown mechanism. The gate leakage current is found
to be the major precursor of gate degradation. At 125 °C and
100 kHz, the Vg limits for a 10-year lifetime are projected to be
~6V and ~10 V under the DSG and HSW conditions, respectively.
These results provide a new qualification method and reveal new
physical insights for gate reliability and robustness in p-gate GaN
HEMTs.

Index Terms—Breakdown, Gallium nitride (GaN) high-electron
mobility transistor (HEMT), gate, inductive power switching,
lifetime, reliability, ringing, robustness, spike.

I. INTRODUCTION

ALLIUM nitride (GaN) high-electron mobility transis-
tors (HEMTs) are gaining increasing adoptions in power
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electronics applications [1], [2]. Among various types of GaN
HEMTs, the Schottky-type p-gate GaN HEMT (SP-HEMT)
has become a popular platform adopted by many GaN device
vendors and foundries [3], [4]. However, the gate reliability of
SP-HEMTs under overvoltage is regarded as a primary concern
in applications [3]. Many datasheets suggest a maximum gate-
to-source voltage (Vgs) of 7 V from reliability considerations,
while the device is usually operated under a Vgg of 5.5t0 6 V to
lower the device on-resistance. The Vg marginis as low as 1 V
[5], [6] and much smaller than that (>5 V) in Si insulated gate
bipolar transistors (IGBTs) and SiC MOSFETs. Moreover, the
degradation of the Schottky-type p-GaN gate have been found
to differ from the classic time-dependent dielectric breakdown
(TDDB) theory that governs the MOS gate degradation [7].
The effectiveness of the conventional high-temperature gate-
bias (HTGB) test for the gate qualification of GaN SP-HEMTs
is questionable [3]. This is because, according to the JEDEC
standard [8], the HTGB best applies to the gate dielectrics with
the percolation-induced TDDB degradation.

To quantify the gate lifetime and Vg operation limit of this
emerging GaN gate structure, it is essential to deploy a test
method that best mimics the gate stress in practical applications.
Here we first provide a brief survey of the gate reliability test
methods for GaN HEMTs in the literature [7], [9], [10], [11],
[12], [13], [14], [15] (see Table I), as well as the major findings
from these studies.

Inherited from the HTGB test, the constant-voltage stress
(CVS) test at Vgg of 9-11 V was used in many studies [9],
[10], [11], [12], [13]. Several variations of dc tests, e.g., the
staircase-voltage stress [7], [9], [ 10] and the multiple gate current
(Ig) sweep [16], have also been reported. All dc tests see a
destructive increase in /¢ at gate failure. Other common findings
include: a power law relation between the time to failure (TTF)
and the Vgg-stress magnitude; the TTF follows the Weibull
distribution with the shape parameter (/3) higher than unity (i.e.,
wear-out failure) [7], [9]; and a longer gate lifetime at higher
temperature, which is opposite to the classic TDDB theory.

Recently, the pulse-IV test with the continuous square-wave
Vs stress is used to mimic the ON/OFF gate biases in switching
applications. Despite the lack of a full consensus among various
reports, the effective gate lifetime is found to generally show a
weak dependence on frequency (fsw) up to 100 kHz [7] and a
decrease with fsw at >100 kHz [17]. These results suggest the
sensitivity of gate lifetime on switching parameters. This pulse
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TABLE I
COMPARISON OF PROPOSED METHOD WITH PRIOR METHODS FOR GAN HEMT GATE RELIABILITY STUDIES

Ref. Test Method Vgs Waveform Min. Pulse Width Max. Vgs (V) Drain-source Condition Temp (°C)
[9] Constant-volt. stress (CVS) DC N/A 9 25~125
[10]  CVS, Staircase-volt. stress (SVS) DC N/A 9 25
[11] CVS DC N/A 10 25~150
[12] CVS, Static-1V DC N/A 9.25 Drain-source grounded (DSG) 25~150
[13] CVS DC N/A 11 -125~50
[7] Pulse-1V, SVS Square 5 s 17.8 25~150
[14] Pulse-1V Square 50 ns 9.4 150
[15] Pulse-1V Square 5 s 11 Resistive load (50 kQ) 25

This Work Overvoltage Circuit Resonance-like 20 ns ~30 DSG and inductive load 25~150

IV method is also used to determine a single-pulse Vgg limit.
Some device datasheet include such limit measured in a single
square-wave Vg pulse with a pulse width (PW) of 1 us [18].

Despite the popularity of the dc and pulse IV tests, the gate
overvoltage stress in practical power converters has different
profiles. The Vg profile usually consists of the gate overvoltage
ringing added to a dc bias, i.e., the rated driving voltage. The
ringing component is usually induced by the gate-loop para-
sitic inductances, featuring a resonance-like waveform with a
dVas/dt of 1~2 V/ns [5]. Multiple GaN device vendors have
reported very low device failure rates tested under the dc rated
driving voltage. However, the gate robustness and reliability
under the resonant Vg ringing beyond the gate rated voltage
has not been fully understood.

Moreover, such gate ringing usually occurs during the device
turn-ON transient, in which high drain-to-source voltage (Vpg)
and drain current (/p) can be present in the power loop. In
hard switching (HSW), a concurrence of high Vpg, high Ip,
and Vg overshoot is expected. Some prior studies suggest that
the high Vpg may induce the additional device degradation due
to the inverse piezoelectric effect [19], [20], [21]. However,
most prior dc and pulse -V tests were performed under a
drain-source-grounded (DSG) condition. A recent pulse -V
test used a large resistive load to achieve switching with high
OFF-state drain bias, however the low /p and the switching locus
are still distinct from the inductive switching [15]. Thus, a new
test method associated with practical applications is needed to
evaluate the gate reliability and robustness of GaN HEMTs.

In this article, we present a circuit method that produces a
resonance-like Vg overshoot with a PW down to 20 ns (dVs/dt
up to 3 V/ns) under both DSG and HSW conditions. We then
employ this method to test the single-pulse gate failure boundary,
i.e., the dynamic gate breakdown voltage (BVpyn), and the
device lifetime under the repetitive gate ringing stress with
various peak gate overvoltage (Vgs(pk)). The test results not
only provide the direct references for device applications, but
also reveal the strong impact of the drain-loop switching locus
on the gate BVpyy and lifetime for the first time. We reported
the preliminary setup and BVpyy results in [22]. This article
is significantly distinct by including the comprehensive circuit
design and analysis as well as the new switching lifetime and
failure analysis results.

In addition to evaluating the gate reliability under the
parasitic-induced Vg ringing, this article can provide crucial
references for additional applications. First, in a resonant gate
driver which is widely used in high-frequency power converters
(e.g., class-E) [23], the gate overdrive could occur when control
failure happens in switches. Under this condition, the device
gate needs to withstand the surge energy stored in the resonant
inductor, which usually has a much higher inductance than the
parasitic inductance in the usual gate driver. Hence, studying
the gate robustness and reliability under the high transient Vg
is critical to the fault protection for the resonant gate driver.
Second, the current gate voltage rating of GaN HMETs is largely
determined by the dc-based HTGB, which differs from the
gate stress in practical converters. The accurate Vg rating is
important not only to device reliability but also to the device
performance, die size, and cost (e.g., a higher operational Vg
allows for lower specific on-resistance and smaller die size for
a specific current rating).

The rest of this article is organized as follows. Section II
discusses the circuit design and prototype. Sections III and IV
present the gate BVpyN and switching lifetime results, respec-
tively. Section V illustrates the physical explanations of the test
results through failure analysis and device simulations. Finally,
Section VI concludes the article.

II. CIRCUIT DESIGN AND PROTOTYPE
A. DUTs and Test Platform

The GaN SP-HEMT tested in this article is the commercially
available 650-V, 50-m{2 GS66508T [18]. Fig. 1(a) shows the
schematic of the DUT and the microscopic image of the DUT’s
gate region. Fig. 1(b) shows the DUT’s I 5-V & characteristics at
Vbs = 0 V under temperature from 25 °C to 150 °C, measured
using the Keysight B1505 Power Device Analyzer with a 0.1-A
I compliance.

The proposed test platform enables both single-pulse and
repetitive gate overvoltage tests and is configured for the fol-
lowing functionalities.

1) Drain-source schemes: DSG or 400-V HSW.

2) PW of the Vs overshoot: ranging from 20 ns to 30 us

under the DSG condition, and from 20 ns to 1 us under
the HSW condition.
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Fig. 1. (a) (Bottom) DUT schematics and (top) the microscopic photo of the
DUT’s gate region. (b) Static /-Vg characteristics at 25 to 150 °C.
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Fig. 2. (a) Schematics of gate overvoltage test circuit in DSG condition.
(b) Working stages of the circuit.

3) DUT can be heated by a power resistor attached to its case,
and the case temperature (7¢) is calibrated by a K-type
thermocouple as well as a thermal camera.

B. Circuit in Drain-Source-Grounded Condition

Fig. 2(a) shows the circuit schematics in the DSG condition.
The Vg overshoot is generated in the DUT’s gate-source loop.
The generation section consists of an inductor L to mimic the
gate-loop parasitic inductance, a dc voltage source Vpp with
capacitor bank, and a fast switch (S7) [24]. Table II gives the
major components in the prototyped circuit. Vppis 0.5 V in this
article, which is designed to be lower than the DUT’s threshold
voltage (V) to keep the DUT OFF in the steady state.

The general principle of this circuit is to use the energy stored
in an inductor to produce a Vg overshoot similar to how a Vpg
overshoot is generated in the unclamped inductive switching test
[25], [26], [27], [28], [29]. The circuit operation can be divided
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TABLE II

COMPONENTS OF THE PROTOTYPED CIRCUIT

Specification Symbol  Value or Part #
Gate-loop inductor Lg 60 nH ~ 300 nH
Input DC voltage Voo 05V
Fast switch S, EPC2214
On time of S fonsi 300 ns ~ 1 ms
Pulse width of gate overvoltage PW 20 ns ~ 30 ps
Peak value of gate overvoltage Vasex) 05~30V
Bus voltage Vius 400V
Load inductor Lioap 24 mH
Inductor to mimic D-S loop parasitics Lp 1 uH
Free-wheeling diode FWD 3 ];:)irlefllieLl in
Switching frequency in lifetime test fsw 10 ~ 100 kHz
S 10 T T T g T T T
é 0 Tonst ii
L0 1 S
20 ——i
—~ ! Vasek) :
Swop !
& R o A AR AR

UL L LA it

I (A)

PEd] ~
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7 (20 ns/div)

£ (200 ns/div)

Fig.3.  Test waveforms in DSG condition with PW = 20 ns and Vs (pk) =
17 V. (Left) A whole switching cycle. (Right) zoom-in view of Vgg overshoot
period.

into four stages [see Fig. 2(b)]. Fig. 3 shows the exemplar test
waveforms with a Vgg overshoot of 20-ns PW and 17-V peak
value.
1) Stagel [ty ~ t1]: S1 turns ON, and L is charged by Vpp.
The current flowing through L (I1,¢) can be tuned by the
ON time of 1 (fon,s1)

toN,s1
Le

In this stage, the DUT’s Vg equals to the forward voltage
drop of S; (Von,s1), which is much lower than the DUT’s Vry.
2) Stage Il [ty ~ t2]: S1 turns OFF; the energy stored in Lg
creates a voltage overshoot (V1) across the L. As the
DUT’s Vgs = Vg + Vpb, a resonant overvoltage added

on a dc component (Vpp) is applied directly across the
DUT’s gate and source. In this operation, the reactance of
the DUT’s input capacitance is much larger than DUT’s
inner gate resistance (Rgine = 1.1 ), so the latter can
be ignored. Thus, the V1, overshoot can be characterized

by a resonance between L and an equivalent capacitance

Iig = Vpp X

ey
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(Ceq)
Crq = Ciss (DUT) + Coss (S1) 2

where Cigg(DUT) and Cogs(S1) are the input capacitance of the
DUT at Vps = 0V and the S ’s output capacitance, respectively.

The PW of Vg overshoot can be estimated as a half of the
resonant period (7)

PW = 05xT = W\/LGxCEQ. (3)
Multiple L ¢ ranging from 60 nH to 300 pH are used to tune the

PW in this article. For a selected L, Vas(pxk) can be modulated
by toN, 51

ton,s1
Vesek) = Vop + Vop X ————. (4)
(PK) \/ LG X CEQ
The average slew rate of Vg overshoot is estimated by
d %
Vos  Vaspx) 5)

dt 0.5 xPW’

When the Vgg PW is down to 20 ns and Vggspk) up to 10—
30V, the average dVgg/dt is 1-3 V/ns, which is comparable to
that in high-frequency GaN converters.

3) Stagelll [t5 ~ t3]: When DUT’s Vg resonates to negative
and turns ON the S in the third quadrant, the DUT’s Vg is
clamped to the S;’s reverse conduction voltage (~ -5 V).

4) Stage 1V [t3 ~]: The resonance between Lg and Crq
is gradually damped by the parasitic resistance until the
steady state (i.e., when Vg settles down to Vpp). The
amplitude of Vg ringing in this stage is below 5 V, which
is within the DUT’s gate safe operating area. Hence, the
primary overvoltage stress onto the DUT’s gate is in the
stage II.

C. Circuit in Hard Switching With Inductive Load

Fig. 4 shows the circuit schematic and operation principles
in the HSW condition. The DUT’s power loop comprises a
400-V bus voltage (Vpys) with capacitor bank, a load inductor
(L1,0AD), a free-wheeling diode (FWD), and an inductor (Lp)
to mimic the power-loop parasitics and to suppress the high
Ip-Vpg overlap (and thermal runaway). The photos of the test
setup and circuit board are shown in Fig. 5 with the component
specifications given in Table II. Fig. 6(a) shows the exemplar
waveforms with the hard turn-ON by the Vg overshoot of 20-ns
PW and 21-V peak value. The circuit operation under the HSW
can be divided into four stages.

1) Stagel [ty ~ t1]: Atty, S; turns ON, the gate-loop sees the
similar process as the stage I in the DSG condition. DUT
is in OFF state with Vpg = Vpys.

2) Stage II [t; ~ t2]: At t1, S; turns OFF, a positive Vgg
overshoot is produced at the DUT’s gate, resulting in a
hard turn-ON. This hard turn-ON is featured by an overlap
among high Vg, high Vpg, and high Ip. The Vgg-Vpgs
switching locus during the Vg charging period is shown
in Fig. 6(b). Note here the measured I is the channel
current minus the output capacitance discharging current,
suggesting an even higher channel current. After turn-ON,
the DUT’s Ip through the channel is composed of a
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Fig.4. (a) Schematics of the gate overvoltage test circuitin the HSW condition.
(b) (Top) Stage I (Vas > Vrp) and (bottom) stage III (Vas < Vrp) of the
circuit.

Signal
Generator

Fig.5. Photos of the gate overvoltage test setup and the circuit board for HSW
condition.

linearly increasing DC component flowing through the
L1,0AD, and a high-frequency RLC-resonant component
with the total magnitude up to ~4 A, as shown in Fig. 4(b).
In this resonance, R is the power-loop parasitic resistance,
L is Lp, and C is the FWD’s equivalent junction capaci-
tance (Cyp ~ 20 pF),

3) Stage Il [ty ~ t3]: At t5, the DUT turns OFF when Vg <
Vru. In this stage, Ip no longer flow through the channel
[see Fig. 4(b)] and is composed of a second-order dc
component through the L p and L o op which keeps charg-
ing the DUT’s Cpgg, and a high-frequency RLC-resonant
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Fig. 6. (a) Test waveforms in the 400-V inductive HSW with PW = 20 ns and

Vas(pk) = 21 V. (Left) A whole switching cycle. (Right) zoom-in view of the
Vs overshoot period. (b) Vas-Vpg locus of the hard turn-ON process extracted
from test waveforms. The symbols correspond to the simulation conditions in
Fig. 18.

component. Here, R is the power-loop parasitic resistance,
Lis Lp, and C is the Cjp in series with the DUT’s Cpgs.

4) Stage IV [t3 ~ t4]: As the DUT’s Vg continues ringing,
the DUT repeats the ON and OFF states. In I, the reso-
nant component gradually attenuates to zero, and the DC
current becomes dominant. The /p gradually charges the
DUT’s Cogs until the DUT’s Vpg reaches Vpus.

5) Stage V [ty ~]: After t4, the DUT is OFF, and the load
current circulates with the FWD. The Vgg of the DUT
gradually damps to Vpp until the circuit reaches the steady
state finally.

As shown in Fig. 6, as compared to the DSG condition, the
primary Vg stress in the HSW condition also occurs in stage 11
but is accompanied by high Vpg (during the Vg charging) and
high channel /p (mainly during the Vgg discharging).

During the HSW, the DUT’s T'¢ is monitored by the thermal
cameral, and the DUT’s junction temperature (7 ;) is estimated
to close to T¢. From experimental waveforms, the energy loss
in each cycle is extracted to be <20 pJ produced within 2 us.
Hence, the average power dissipation (Pgjss) is about 10 W. The
DUT’s transient junction-to-case thermal impedance (Ry;jc) is
expected to be lower than the dc value [Rgjc(DC)], which is
0.5 °C/W from the datasheet. Therefore, the maximum increase
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Fig. 7. Last two survival and failure Vgg waveforms in DSG, at PW of (a)

20 ns and (b) 600 ns.
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Fig.8. DUT’s Vgs, Vps, and I p waveforms in 400-V HSW, before and after

gate failure at PW of (a) 20 ns and (b) 600 ns. The Vpg and I p waveforms verify
DUT’s D-S voltage blocking capability after G-S short failure.

in Ty over T (ATjc) is estimated to be within 5 °C
ATjc = Rejc % Piiss < Rojc (DC) X Pyiss
<0.5°C/W x 10 W = 5°C. (6)

In this article, the device failure and degradation are identi-
fied from the anomaly in switching waveforms and verified by
the comprehensive post-switching device characterizations on
Keysight B1505 Power Device Analyzer.

III. DYNAMIC GATE BREAKDOWN VOLTAGE

To investigate the DUT’s single-pulse gate BVpyn, Vas(pk)
is increased with a 0.5-V step in each single pulse until the
gate failure. After each pulse, possible device degradation is
examined on the curve tracer from the /-V characteristics.

Fig. 7(a) and (b) shows the Vg waveforms of two DUTs
tested with the increased Vas(pk) under the PW of 20 ns and
600 ns, respectively, under the DSG at 25 °C. In the 20-ns case, at
Vaspk) of 24V, the Vs ringing damps fast after the overshoot,
suggesting a gate-source (G-S) failure. In the 600-ns case, a
similar G-S failure appears at Vggpk) = 21 V. Fig. 8(a) and
(b) shows the Vs, Vps, and Ip waveforms of two DUTS tested
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Fig.9. (a) Gate BVqyy of GaN SP-HEMT as a function of PW under the DSG

and HSW and at 25 and 150 °C. Three devices are tested for each condition.
(b) Gate BVyn, of Si IGBT, SiC MOSFET, and GaN SP-HEMT under the DSG
and HSW and at 25 °C and 150 °C, all at a PW of 20 ns. Multiple Si and SiC
devices are tested, showing nearly no variation.

under the PW of 20 ns and 600 ns, respectively, both under the
HSW at 25 °C. Similar G-S failure signatures are observed at
Vaspk) of 26 and 21.5 V for two PW. The intact Vpg and Ip
waveforms verify that DUT retains the Vpg blocking capability
after the G-S short failure. The /-V characterizations further
confirm the destructive G-S failure without degradation in the
Vps blocking capability.

Fig. 9(a) summarizes the measured gate BVpyn of GaN
SP-HEMTs under various PW, two T¢ (25 and 150 °C), and
two D-S conditions (DSG and HSW). Under each condition,
three devices are tested to failure, presenting a good statistical
consistency with BVpyy variation within 1 V. The gate BVpyn
presents a decreasing-then-saturation trend with the increased
PW, and under the same PW, the gate BVpyy is higher at higher
T¢ and in the HSW condition. In the DSG at 25 °C, with PW
increased from 20 ns to 30 us, the gate BVpyN decreases from
24 to 21 V and then saturates. At 150 °C, the gate BVpyy is
1-2 V higher than at 25 °C in short pulses and also saturates
to 21 V. In HSW, the gate BVpyy is 1-2 V higher than that in
DSG. The highest gate BVpyn (27.5 V) is observed in HSW at
150 °C with 20-ns PW (dVgs/dt ~ 3 V/ns).

As an extended study, the gate BVpyy of a Si IGBT [30] and
a SiC MOSFET [31] are also measured using the same circuit,
as shown in Fig. 9(b). The measurements are performed in
both HSW and DSG, as well as at 25 °C and 150 °C, all
with a PW of 20 ns. The Si IGBT and SiC MOSFET show a
consistent gate BVpyn of 80 V and 70 V, respectively, under
all these conditions. This suggests the BVpyy of the MOS gate
is independent of temperature and the D-S switching scheme.
As compared to Si IGBT and SiC MOSFET, the GaN SP-HEMT
not only shows a much lower gate BVpyy, but also possesses
a different gate breakdown mechanism, which will be explored
in Section V.

IV. GATE SWITCHING LIFETIME

The switching lifetime is measured using repetitive Vg
overshoots. A customized program is developed to record test
waveforms and count the number of switching cycles to failure
(SCTF#). To best mimic the common transient overshoots in
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applications, the PW is selected as 20 ns with dVgs/dt up to
~2 V/ns. Tests are performed in DSG and HSW conditions
at DUT’s T¢ = 125 °C to investigate the impact of D-S loop
switching scheme on switching lifetime, as well as at a lower
practical T¢ = 50 °C in the DSG condition to study the tem-
perature impact. The T¢ is carefully monitored throughout the
entire test. The fsw is first selected as 100 kHz. The Vas(pk) is
selected to range from 15.5 to 17.5 V and from 17.5t0 19.5 V
in DSG and HSW conditions, respectively, both at 125 °C, as
well as from 14.5 to 16.5 V at 50 °C in the DSG condition.
Ten devices are tested to failure in each condition for statistical
significance. Fig. 10 shows exemplar waveforms in the 18-V
Vaspk), 100-kHz fsw, HSW (400V/4A) condition, revealing
stable parameters in repetitive cycles.

Under each test condition, the failure probability (P), i.e., the
cumulative distribution function of failure, can be obtained using
the SCTF# data of ten devices. It is found that under a specific
condition, the relation between P and SCTF# can be fitted by
both Weibull and lognormal distributions. The fitting data under
multiple Vgspk) in DSG and HSW at 125 °C are shown in
Fig. 11(a) and (b). The relevant data in DSG at 50 °C are shown
in Fig. 11(c).

The Weibull distribution is characterized by a function of In(-
In(1-P)) on SCTF#, as shown in Fig. 12. The § is extracted
to be >1 in all conditions, suggesting a wear-out failure. The
SCTF#at P =63% and 0.1% (SCTF#gs39 and SCTF#; 1% ) under
a specific test condition can be extracted from either Weibull
or lognormal fitting curve (see Fig. 11). As shown in Fig. 13,
both the extracted SCTF#s39, or SCTF#y 19 show power law
relations with Vggpk).

Note that it is a common practice to extrapolate the gate
lifetime of GaN HEMTs assuming that the time-dependent
failure mechanism is consistent from the use conditions to
the acceleration test conditions [7], [13], [32], [33]. For our
DUT, as shown in Fig. 1(b), the I5-Vgg characteristics at
Vg > 5 V shows a relatively consistent function, suggest-
ing a consistent mechanism of gate leakage current and gate
degradation. Hence, here we predict the gate switching lifetime
(= SCTF# / fsw) at various Vggpk), with the assumption
that the SCTF# power law relation is also valid at lower
Vas(pk)-

Fig. 13 presents the projected maximum allowable Vgs(px)
for a target 10-year gate switching lifetime operating at



5582

100 + Test

——Fit, Wbl
80 | O1 63%,Wbl
O 0.1%,Whl
——Fit, Logn
60 | [ 63%, Logn
© 0.1%, Logn

@125°C

P (%)

40
VGS(PK) =
175V
165V
155V
0 ....... -
108

20

100

195V
80

60

P (%)

40 |

20

0-S S S
108 107 108 10°
Switching Cycles Number
(b)

100

VGS(PK) =

16.5V
80

P (%)

10° 107 108 10°
Switching Cycles Number
(c)

Fig. 11. Failure probability (P) as a function of SCTF# at fsw = 100 kHz
under various Vgs(pk), in (a) 125°C, DSG, (b) 125°C, HSW, and (c) 50°C,
DSG conditions. The SCTF# under each Vas(PK) is fitted by both Weibull and
lognormal distributions.

fsw = 100 kHz, with both P = 63% and 0.1%. Based on
Weibull-distribution fitting, the maximum allowable Vs pk)
for 10-year lifetime in DSG at 125 °Cis 5.7 and 7.6 V for P =
0.1% and 63%, respectively. In HSW, the predicted maximum
Vaspk) for a ten-year lifetime is ~5 V higher than that in
DSG. This higher Vg margin in HSW is also verified by the
longer switching lifetime in HSW than in DSG under the same
Vaspk) = 17.5 V (see Fig. 12) and is consistent with the higher
gate BVpyn in the HSW condition (see Fig. 9). At 50 °C, the
predicted maximum Vggs(pxk) for a ten-year lifetime is 0.1-0.2 V
lower than that at 125 °C. Such enhanced gate reliability at higher
temperatures is consistent with the results of the single-pulse
dynamic gate breakdown tests.
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Fig. 12.  Weibull distribution of SCTF# at fsww = 100 kHz under various
Vas(pk) in (a) 125°C, DSG, (b) 125°C, HSW, and (c) 50°C, DSG conditions.

Note that, in general, Weibull distribution is more commonly
used than the lognormal distribution for the classic gate oxide
TDDB failure [34]. As the gate failure mechanism in GaN SP-
HEMTs could be different, both Weibull and lognormal fittings
have been reported [12]. As the first report on the statistics of
the circuit test data, this article intends to show the viability of
applying both statistical fitting methods. The in-depth study on
the physics associated with each statistical distribution will be
performed in the future work. The ten-year maximum Vgs(px)
predicted by using two distributions show a generally good
consistency with a maximum difference of 0.8 V.

Finally, we explore if the gate lifetime is dominated by the
switching cycle number or is also dependent on fgw. Fig. 14
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shows the Weibull distributions of the 10-device SCTF# data
at fgw = 10 and 100 kHz. The mean SCTF# (MSCTF#) of
the DUTs at fsw = 10 kHz is found to be similar to that at
100 kHz, and the mean-time-to-failure (MTTF = MSCTF# /
fsw) differs by about 10 times. This result indicates the gate
switching lifetime is primarily dominated by the switching cycle
number and thereby will be longer at lower fsw . This is generally
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Fig. 15.  Projected max Vgs(pk) for 10-year lifetime as a function of fsw
(100 Hz ~100 kHz) under the 125°C, DSG, 125°C, HSW, and 50°C, DSG
conditions, at P = 63% and 0.1%. The max Vgs(pk) is estimated by the
SCTF#43% and SCTF#q.19 at faw = 100 kHz, assuming the same SCTF#
~ Vas(pk) relation in this fgw range. The SCTF#s3% and SCTF#q.1 9 are
extracted from (a) Weibull and (b) lognormal distributions, respectively.

consistent with the finding from the pulse /-V studies at fgw up
to 100 kHz [7]. It also reveals a higher maximum allowable
Vas(pk) at lower fsw for a certain lifetime target.

Fig. 15 shows the projected maximum allowable Vgs(px) for
a ten-year lifetime with fgw ranging from 100 Hz to 100 kHz
at both 125 °C and 50 °C. The projection uses the SCTF#g39
and SCTF#,. 19, data at 100 kHz extracted from either Weibull
or lognormal fitting curves. For P = 0.1%, the ten-year Vgs(px)
can increase by up to ~5 V under the DSG and up to ~4 V under
the HSW when fgyw drops from 100 kHz to 100 Hz.

V. FAILURE ANALYSIS AND PHYSICS-BASED SIMULATION
A. Postfailure Analysis

Failure analyses are performed on multiple DUTs failed in the
single-event-breakdown tests and switching-lifetime tests, under
different temperatures and D-S conditions, revealing a consistent
failure mechanism. Here we present the failure analysis results
of a representative DUT.

After the failed DUT is decapsulated, optical microscopic
images reveal no observable damage on the chip surface, as
shown in Fig. 16(a). The optical beam induced resistance change
(OBIRCH) technique is then employed to identify the leakage
spot by applying a small G-S voltage. As shown in Fig. 16(b),
an emission site is observed between gate and a source finger,
indicating a leakage path between G-S. No emission site is
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Fig. 16. (a) Optical microscope photo of the surface of the failed DUT after
decapsulation. (b) OBIRCH analysis result of the decapsulated failed device
with an emission spot shown in green. (Left) 5X zoom-in view. (Right) 50X
Z0om-in view.

observed in the gate-drain (G-D) access region, which is con-
sistent with the retained functional voltage blocking capability
of the failed DUT measured by curve tracer. Finally, the failed
DUT is delayered all the way to the removal of the polymer and
passivation layers. The microscopic imaging reveals no anomaly
on any of these layers. This suggests a failure in the gate stack
rather than the passivation layer.

B. Gate Failure Physics and Simulation

The gate BVpyn and gate lifetime shows a positive tem-
perature coefficient (17), while the percolation-induced failure
in the MOS structure usually has a negative nr [9], [10].
This difference in GaN SP-HEMTs can be explained by a
gate degradation process recently reported in [7]. Under high
Vas, the SP-HEMT gate stack is composed of a reverse-biased
gate/p-GaN Schottky junction in series with a forward-biased
p-GaN/AlGaN/GaN PIN junction. At high Vg, electrons inject
from the two-dimensional electron gas into p-GaN and then
diffuse to the depleted p-GaN region, get accelerated by high
electric field, bombard the Schottky interface, and destructively
degrade the Schottky contact to Ohmic-like. Such contact degra-
dation can then produce a low-resistivity, high-leakage-current
path through the gate stack. Under the further Vg stress, this
localized leakage path is likely to result in the destructive G-S
shorting.

The gate BVpyn’s decreasing and saturation trend at longer
PW implies an accumulation effect of electron bombardment as
well as a threshold in electric field (and bombardment energy) for
the Schottky contact degradation. Above this threshold, the local
Schottky contact degradation may progressively accumulate
until the destructive failure occurs. This progressive process can
be accelerated by a higher electron energy, which explains the
higher gate BVpy in the shorter PW.
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Fig. 17. (a) Simulated I/¢-Vq characteristics calibrated with experimental
results. (b) Simulated current density contour in the gate stack at (left) 25 °C
and (right) 150 °C assuming the appearance of the localized Schottky contact
degradation (implemented by setting a low tunneling mass and high tunneling
probability locally). (¢) Simulated potential contour in gate stack at Vgs =12V
at (left) 25 °C and (right) 150 °C. (d) E-field profile in p-GaN along the cutline
in (c) at 25 and 150 °C.

To consolidate this mechanism and explain the positive 77 of
the gate BVpyn and lifetime, technology computer aided design
simulation is performed. The generic GaN HEMT models are
based on [35], [36], [37], and the gate leakage current model in
the Schottky p-gate is based on [22], [38]. Here we consider the
leakage current through the gate stack under the forward Vg to
be mainly determined by the reversely-biased p-GaN/Schottky
contact, and this Schottky leakage current is governed by the
thermally assisted carrier tunneling [12].

By tuning the tunneling mass and its temperature dependence
[22], the simulated I5-V characteristics is calibrated with
experimental data, as shown in Fig. 17(a). To mimic a localized
Schottky junction degradation, the tunneling mass is set as very
small in a localized area. As shown in Fig. 17(b), the simulation
confirms that the degraded Schottky area will induce a localized,
high-leakage-current path.

Fig. 17(c) shows the simulated potential contour in the gate
stack under Vgg = 12 V at 25 and 150 °C. Fig. 17(d) shows the
simulated electric field in the p-GaN as a function of distance
from the gate/p-GaN Schottky contact. At a higher temperature,
the Schottky tunneling current increases, which induces larger
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Fig. 18.  (a) Simulated potential contour in (top) entire device unit cell and
(bottom) gate region. (b) Simulated channel potential below gate at three biases
along the turn-ON locus in HSW [see Fig. 6(b)] as compared with that at high
Vas in DSG condition.

voltage drops in the non-depleted p-GaN and PIN junction,
decreasing the actual voltage drop across the Schottky junction
and resulting in a lower electric field and electron bombardment
energy. Thus, the gate BVpyn and gate lifetime increase.

Finally, simulations are used to explain the higher gate
BVpyn and longer lifetime in HSW as compared to DSG.
Fig. 18(a) shows the simulated potential contour in the whole
device unit-cell and the channel region at a bias point (Vpg
= 2294 V and Vgg = 7.9 V) along the HSW locus shown
in Fig. 6(b). The high Vpg expands the pinch-off region in
the channel, raising the potential along the channel. Fig. 18(b)
compares the simulated channel potential under Vgg- and Vpg-
biases extracted from the switching locus in HSW and DSG
conditions, further confirming the elevated channel potential by
high Vpg. In the HSW, the concurrent high channel I also raises
the channel potential due to resistive drop. This elevated channel
potential can raise the gate BVpyn by: (i) reducing the actual
voltage drop across the gate/p-GaN Schottky junction (and the
electric field as well as electron bombardment energy) and (ii)
making the PIN junction reverse-biased at the drain-side of the
gate, which suppresses the electron injection into p-GaN. Note
that (ii) is also consistent with the results in Fig. 16 that suggests
the failure spot is primarily at the source-side of the gate.

Note that such a channel potential rise in HSW is also expected
in Si IGBT and SiC MOSFET. However, their gate breakdown
voltage is governed by the oxide failure, which is minimally
impacted by channel potential and temperature. The Schottky
p-GaN gate is in nature a non-insulating gate, and the electric
field in the critical region (i.e., the p-GaN Schottky region) is
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dependent on the Schottky leakage current, which is known to
be strongly bias- and temperature-dependent.

In addition to the HSW process, the high Vpg blocking state,
which is absent in DSG, may also contribute to the higher gate
BVpyn. According to [15], high OFF-state Vg can induce the
hole insufficiency in the gate stack during the turn-ON process;
the remaining depletion region in p-GaN can reduce the actual
potential drop across the Schottky junction, thus suppress the
hot-electron bombardment during the positive Vgg overshoot.

VI. DEVICE DEGRADATION UNDER STRESS

To further validate the gate failure mechanisms presented
in Section V, device degradation behaviors are intermittently
characterized during the circuit stress tests until device failure.
These characterizations are performed by taking the device from
the circuit board and measuring it on the B1505 curve tracer
at 25 °C. Hence, the measured parametric shifts reflect those
that cannot recover in a few minutes. Note that a relatively low
current compliance (2 mA) is set in the measurement of gate
leakage current to avoid the additional degradation produced by
the I-V sweep.

Such measurements are performed for a variety of circuit test
conditions, including the single-pulse and repetitive stress, the
DSG or HSW, as well as the different temperatures, Vgspk),
and fgw. It is found that the device degradation under these
test conditions is consistent. Here we present the representative
results under three test conditions: single-pulse stress under
DSG, as well as the repetitive stress under DSG and HSW.

Fig. 19(a) shows the evolution of the gate leakage, transfer,
and output characteristics after single-pulse Vg overshoot with
Vaspk) 0f 23,23.5,and 24 V. As Vas(pk) increases, the device
shows a two-step degradation behavior. After the 23-V over-
shoot, significant increase in /g is observed under the forward
Vs, while the I under reverse Vg remains low. This suggests
the degradation first occurring at the p-GaN Schottky junction
instead of the p-GaN/AIGaN/GaN PIN junction. After the 23.5-
V overshoot, I increases under both forward and reverse Vag,
suggesting the second degradation at the PIN junction. Addi-
tionally, from the decomposition of /4, the significant increase
in gate-source current (Igg) with the gate-drain current (Igp)
keeping at its initial value implies a degradation spot located at
the source-side of the gate. After the 24-V overshoot, the device
shows a gate failure with both /g and Igp ramping up. Besides
the increase in gate leakage current, the gate’s functionality to
modulate the /p is largely retained, as proved by the transfer
and output characteristics. This suggests the gate leakage current
could be the primary precursor for device gate degradation.

Under the same DSG condition, Fig. 19(b) shows the evo-
lution of the gate leakage, transfer, and output characteristics
intermittently measured during the repetitive Vg overshoot
with Vaspk) = 10 V and fsw = 100 kHz at 125 °C. A similar
two-step degradation behavior first in the Schottky junction
and second in the PIN junction is observed after the 30 min
and 1 h of Vg overshoot, respectively. The device test after a
recovery of 2 months confirms the degradation is destructive and
non-recoverable. Such destructive behavior is also confirmed by
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Fig. 19.  Device -V characteristics when being fresh and (a) after single-pulse overshoot at Vgs(pk) = 23, 23.5, and 24 V in DSG condition at 25 °C, (b) after
30 min and 1 h of repetitive stress at Vgs(pk) = 10 V in DSG condition at 125 °C, (c) after 30 min and 15 h of repetitive stress at Vgs(pk) = 10 V in HSW
condition and 125 °C, and (d) after 30 min and 1 h of repetitive stress at Vgs(pk) = 11.5 V in HSW condition at 125 °C. For devices stressed under repetitive
overshoots, the /-V characteristics after a 2-month natural recovery are also measured [not shown in (a) as the device G-S has destructively failed to low resistivity].
(Top) IG-V ¢ characteristics with I compliance of 2 mA. (Middle) /gs-V (solid) and Igp-V (dash) characteristics. Total gate current /¢ = Igs + IgD-
(Bottom) Transfer and output characteristics. All characteristics are measured at 25°C by B1505.
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the absence of recovery after the DUT is heated under 175 °C for
2 weeks (this post-stress bake is an effective recovery method if
the degradation is trapping-related and recoverable [37].

The switching lifetime tests in Section IV reveal a relaxed
gate overvoltage stress under the HSW condition as compared
to the DSG condition. This finding is further supported by the
gate degradation behavior in the repetitive stress test. Under the
same Vgspk) = 10 V and fsw = 100 kHz at 125 °C, mini-
mal shifts in gate leakage, transfer, and output characteristics
are observed after 15 hours of stress [see Fig. 19(c)]. When
Vas(pk) is increased to 11.5 V, the device shows the similar
two-step degradation with the prolonged stress, as illustrated in
Fig. 19(d). These results confirm the consistent gate degradation
mechanism under the DSG and HSW in spite of a reduced gate
stress in the latter condition.

Finally, under the HSW condition, the inverse piezoelectric
effect induced by the high drain-to-gate bias in the OFF state
has been reported to be another possible mechanism for gate
degradation [19], [20], [21]. The results in this article, including
the longer gate lifetime under HSW and the consistent gate
degradation behavior with DSG, suggest that the inverse piezo-
electric effect is not a major degradation mechanism for the
DUT under the forward gate overvoltage stress. This is possibly
because the optimized field plate designs in commercial GaN
HEMTs significantly reduce the E-field crowding near the gate
edge, and the peak E-field is migrated to the field plate edge or
the drain region [36], [37], [39], [40].

VII. CONCLUSION

This article presents a new circuit method to evaluate the gate
robustness and reliability in GaN SP-HEMTs in the application-
use conditions that cannot be accessed by dc-bias or pulse IV
methods. The method allows for generating the resonance-like
Vs overshoot in concurrence with an inductive switching in
the D-S loop. Using this circuit, the gate BVpyn and switching
lifetime are studied, both of which show strong impact by the
D-S switching scheme. The gate BVpyy increases from 21 V
to nearly 28 V under a shorter PW, at a higher temperature, and
in HSW compared to DSG.

The gate switching lifetime at a specific Vaspk) can be
well fitted by both Weibull and lognormal distributions, and the
extracted SCTF# can be fitted by a power law relation with
Vas(pk)- The gate lifetime is found to be primarily determined
by the number of switching cycles and is longer in HSW as com-
pared to DSG, as well as show a positive temperature coefficient.
Finally, the maximum allowable Vs pk) for a ten-year lifetime
is predicted at various fsw in both DSG and HSW conditions,
at 50 °C and 125 °C.

The above experimental findings can be explained by the time-
dependent Schottky breakdown mechanism, which is supported
by the failure analysis and physics-based simulation. Finally,
the device degradation behaviors are characterized under the
prolonged stress of Vgg overshoot. The gate leakage current is
revealed to be the major degradation precursor, and the degra-
dation is confirmed to first occur at the p-GaN Schottky contact
in the gate stack.
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These results provide direct references for GaN SP-HEMT
applications and suggest the importance of using the inductive
circuit method for the gate qualification of GaN SP-HEMTs.
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