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Abstract—GaN monolithic bidirectional switch (MBDS) has
the potential to enable revolutionary advances in AC power
conversion. Despite the availability of industrial 650-V MBDS
engineering samples, there have been very few reliability reports
of GaN MBDS, and none has been performed up to kilovolt.
Here we demonstrate a GaN enhancement-mode (E-mode)
MBDS with high breakdown voltage (BV) over 3 kV in both
polarities, and for the first time, study the dynamic stability and
reliability of a GaN MBDS up to +1.2 kV blocking voltage. The
device deploys a dual p-GaN junction termination extension (D-
JTE) design to achieve high BV. Pulse I-V, HTGB, and HTRB
measurements were performed with an emphasis on the unique
stress for bidirectional devices, including the reverse bias
blocking and the impact of high-side gate. We find the dynamic
on-resistance of the JTE-MBDS is sensitive to the low-side gate
bias but insensitive to the high-side gate bias. Under the HTRB
test, the MBDS shows larger shifts in on-resistance and
threshold voltage under the reverse bias blocking compared to
those under the forward bias blocking. Physical mechanisms are
discussed and supported by TCAD simulations. Overall, our
work suggests the importance of establishing a new framework
for reliability evaluation of MBDS devices, which must account
for the asymmetric trapping dynamics under bidirectional
voltage blocking, as well as the impact of the second gate.

Keywords—GaN, bidirectional switch, monolithic, stability,
reliability, dynamic on-resistance, dynamic threshold voltage

I. INTRODUCTION

GaN power devices are key to advancing the electrical
energy conversion towards a carbon-neutral society [1]. Their
performance can be enhanced by architecture innovation [2].
A Dbidirectional switch (BDS), capable of bipolar voltage
blocking in the off-state and bidirectional current conduction
in the on-state, is a crucial component in AC power electronics
applications. Monolithic BDS (MBDS) based on a single
shared drift region can achieve a fourfold reduction in area
compared to implementations using two discrete devices [3].
Recently, MBDS devices based on SiC MOSFETs [4], [5] and
GaN HEMTs [6], [7], [8], [9], [10] have been reported. Lateral
GaN HEMT-based MBDS uses a single drift region, enabling
an increased advantage compared to SiC MBDS. Engineering
samples of 650-V GaN MBDS are now available in industry
[3]. However, there still lacks demonstrations of kilovolt-class
GaN MBDS, although the advantage of MBDS compared to
conventional BDS upscales with the voltage class. The other
gap of GaN MBDS is stability and reliability. To date, there
are only a few relevant reports [11], and most of them focusing
on substrate bias management. Particularly, there still lacks
bidirectional reliability studies at high voltage.

This work addresses these gaps by presenting the first
stability and reliability data of a multi-kilovolt GaN MBDS at
high bias up to 1.2 kV. The device adopts a p-GaN-based D-
JTE design that was recently proposed for GaN MBDS [12].
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Fig. 1 (a) 3-D schematic of GaN MBDS with p-GaN D-JTE. (b)
Cross-section view of the device with key geometric parameters.
(c¢) Top-view SEM image and (d) equivalent circuit model of the
device. (e) The list of key device parameters and values. Epi
structure: AIN, 1.5 um GaN buffer, 200 nm GaN channel, 15 nm
Alo2GaosN barrier, 80 nm p-GaN cap layer ([Mg] ~ 2x10'° cm™).
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Fig. 2 Bidirectional output characteristics at (a) Vaas2 or Veisi= 5
V, (b) forward diode mode at Vazs2 or Vaisi= 0 V. (c) Transfer
characteristics Is2si-VGis1 at Veas2= 0 V along with the gate leakage
current. (d) Bipolar blocking characteristics of the GaN MBDS at
25 and 150 °C at Vgaso= Vaisi = 0 V. The corresponding test bias
schemes are shown on top of each figure.

Benefitting from the more effective electric field (E-field)
management than field plates, this JTE-MBDS achieves a
breakdown voltage (BV) over 3 kV in both polarities. In this
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Fig. 3 Schematic of voltage waveform in the pulse I-V test for
dynamic Ron using the Auriga system.

work, we characterize the high-temperature blocking
capability, dynamic on-resistance, as well as the HTRB and
HTGB reliabilities of such novel high-voltage GaN MBDS.
An asymmetric parametric shift is observed in bidirectional
(Bi-) HTRB test at source-to-source blocking bias (Vsas1) of
+1.2 kV. The physics behind this asymmetry is also revealed.

II. DEVICE DESIGN AND STATIC CHARACTERISTICS

Fig. 1 shows the schematic of the GaN MBDS and some
key device geometric parameters. Fig. 1(d) shows the
equivalent circuit model of the fabricated device. The devices
were fabricated on p-GaN gate HEMT platform on 100 mm
sapphire substrate. Details of the epi structure and fabrication
process are provided in [12].

Fig. 2 illustrates the bidirectional output, transfer
characteristics, and bipolar blocking behavior of the fabricated
GaN MBDS. The corresponding test bias schemes are shown
on top of each figure. The Ry is calculated to be 17.6 Q-mm
and 18 Q-mm in the 1st and 3rd quadrant, respectively. The
specific Ron (Ronsp) is then estimated to be 5.6 mQ-cm? and 5.7
mQ-cm? in the forward and reverse conduction mode,
respectively. The Ron nearly doubles in forward diode mode
(Fig. 2(b)) when Vgasz or Vgisi= 0 V. Fig. 2(c) presents the
transfer curves of the device with G2 turned off (Vg25:= 0 V)
and the corresponding gate leakage current. No conduction
current is observed until Vsys; exceeds the turn-on voltage of
G2. At Vsos1= 10 V, G2 turns on, enabling current conduction
between S1 and S2. The device is E-mode with V= 0.6 V
extracted at Is»s1= 0.1 mA/mm. The gate leakage current is
low at both Vszs1 =1 V and 10 V, which can be further reduced
by optimizing gate metal and the post annealing condition. As
shown in Fig. 2(d), the GaN MBDS exhibits the bipolar
blocking capability with BV over 3.4 kV at 25 °C and 2.8 kV
at 150 °C. The test is performed under Vaas» = Vgisi=0 V.

ITII. PULSE I-V DYNAMIC TEST

On-wafer pulse I-V test was conducted to experimentally
evaluate the dynamic performance of GaN MBDS. Fig. 3
shows the schematic of the voltage waveform during pulse I-
V test. In on-state, Vgisi-on = 3V, and Vsysion =2 V. While
G1 switches between on and off, G2 remains on with a
constant Vaos in the test. We then study the dependence of
dynamic Ro, on a few parameters, including Vsysi and Vgisi in
the off-state (Vs2si-orr and Vaisi-orr), as well as Vigaso. Our test
instrument (Auriga system) supports a maximum switching
voltage of 1.2 kV, with the pulse width down to a few pus. As
shown in Fig. 4(a), the widths of off- and on-state pulses are 2
us and 5.5 ps, respectively. The device switched from a Vsysi-
orr 0of 1200 V to on-state voltage (Vs2si-on) of 3 V. In the pulse
waveform, the current stabilizes within 1.5 ps after turn-on
and the dynamic Ron is extracted 2 ps after turn-on.
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Fig. 4 (a) Dynamic switching waveforms at Vszsi-orr = 1.2 kV. (b)
The ratio between dynamic and static Ron versus Vszs1 of the GaN
MBDS. Vaisi-orr = 0V, Vaisi-on = 3V, and Vsasi-on = 2 V. (c)
Dynamic/static Ron ratio as a function of Vaisi-orr in the quiescent
stress; Vsasi-orr = 1.2 KV, Vsasi-on =2 V, Vaisi-on = 3V, Vars2 =5
V. (d) Dynamic/static Ron ratio as a function of Vaas2-oN; Vs2s1-0FF =
1.2 kV, Vsasi-on =2V, Vaisi-on =3V, and Vsisi-orr = -4 V.

The GaN MBDS successfully switches up to 1.2 kV, with
a dynamic R,, increase of approximately 1.9x (Fig. 4(b)). The
shift in dynamic Ro, is investigated by varying the Vgisi-orr in
the quiescent stress and adjusting Vgos: during the pulse [-V
test, as shown in Fig. 4(c)-(d). The Vgisi-orr significantly
impacts dynamic R, increasing it by approximately 4x at
Viisi-orr = -12 V. In contrast, Vs2s2 has minimal influence on
dynamic Ron. The physics will be discussed in Section V.

IV. LONG TERM RELIABILITY TEST
The longer-term reliability tests were performed on the
GaN MBDS under various stress conditions. As shown in Fig.
5, GI is subjected to HTGB test at Vgisi= £6 V, while the
device is bidirectionally stressed at Vsysi=+1.2 kV for the Bi-
HTRB test, both conducted at T= 150 °C. In both tests, stress
durations increase from 1 s to 1000 s, with transfer and output
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Fig. 5 Schematic illustration of gate and drain reliability stress tests.

The HTGB test is stressed at Vgisi= #6 V, and the HTRB test is

bidirectionally stressed at Vs2si=+1.2 kV, both at T= 150 °C. Vaisi

for output sweep is 5 V, and Vsas1 for transfer characteristics sweep
is 10 V. Vaas2 remains fixed and continuously biased at 5V.
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Fig. 6 Evolution of (a) transfer and (b) output I-V characteristics in the HTGB test at VG1s1=6 V. Evolution of (c) transfer and (d) output I-V
characteristics in the HTGB test at VGis1=-6 V. Evolution of AVt and ARon as a function of stress time during HTGB test at (c) VGisi=6 V
and (f) VGis1=-6 V. All tests were performed at 150 °C.

o 5

characteristics measured intermittently after each stress cycle. V. PHYSICAL MECHANISM

During the reliability test, Vgas2 remains fixed at 5 V. This section explores the physical mechanism of the
substantial dynamic R,n increase in the pulse I-V test with
negative off-state Visias well as the asymmetric shifts in Vry
and Ron observed in Bi-HTRB tests at Vsysi=£1.2 kV. Fig. 8
depicts carrier dynamics in the off-state with Vsys1=+1.2 kV,
with G1 negatively biased. Fig. 9 shows the simulated E-field

An increased off-state leakage current is also observed under irid;ll(o\llevfi(zl? c;ntra‘ioi (\:;)Ef%ur; 1ns1:d§5 g;e device at Vsxsi=
HTGB stress at Vgisi= -6 V, potentially attributed to the trap- ’ GIst G282 ’
assisted tunneling of the p-GaN/AlGaN/GaN p-i-n junction. Under Vs:s1= 1.2 kV, high E-field is located at the G1 and

During the Bi-HTRB test, Vs is first stressed at 1.2 kV. its connected.JTEl (Fig. 9(a)). Such high ﬁel.d can jndqce
followed by the measure;nen t of output and tr.ans fe; electron trapping at the AlGaN surface and within passivation
characteristics. In the next cycle, Vssi is stressed at -1.2 kV, layer [13]. When Gl is more negatively biased, electron

and output and transfer curves are recorded. This process is imjection from Gl enhapces trapping (F.lg' 8(2)). This
. R . mechanism explains the increased dynamic Ro., observed
repeated until the stress time in a cycle reaches 1000 s. This : . . .
- . SR . when Vgisi-orr s more negatively biased in the pulse I-V test,
profile mimics the practical converter application in which the as well as the R... shift in the HTRB test
BDS blocks bipolar biases alternatively. Fig. 7 presents the on '
transfer and output characteristics evolution, along with the Note that the Vru exhibits minimal shift under 1.2 kV
Vru and Ron shift during the Bi-HTRB test at Vsys1= £1.2 kV. HTRB test. This can be explained by the hole depletion in
Under 1.2 kV stress, the V't experiences a slight negative shift. ~ JTE1 (Fig. 9(b)), which leaves negatively charged acceptors
In contrast, Vry shifts positively by 0.26 V under -1.2 kV' in JTE. As aresult, the electrons injected from G1 are repelled
stress. The Ron increases in both stress conditions with AR,,of  away from the p-GaN region (see Fig. 8(a)).
329 d 409 der 1.2 kV and -1.2 kV HTRB st L
7o an /o under an N Ie8S, Under Vsas1=-1.2 kV and Vaaso= 5 'V, the device pinches

respectively. These asymmetric parameters shift in Bi-HTRB el .
test is attributed to differences in E-field distribution under off near the Gl and_ JTEI’ resulting in a much higher E-field
and stronger depletion in the p-GaN there. Fig. 9(c) and (d)

Vsasi= *+1.2 kV, which alters trapping dynamics. The
underlying mechanisms will be discussed in the next section. reveals a peak E-field of 3.5 MV/em crowded at G1 gate edge

Fig. 6 shows the evolution of transfer and output
characteristics, along with the shifts in Pty and Roq shift under
HTGB test. Under both Vgisi=6 V and -6 V stress, negligible
shifts in V'ty are observed after a stress of 1000 s. Ro, increases
more under stress of Vgisi= -6 V with approximately 22 %.
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Fig. 7 Evolution of (a) transfer and (b) output I-V characteristics during HTRB test at V's2s1=1.2 kV. Evolution of (c¢) transfer and (d) output
I-V characteristics during HTRB test at Vs2s1=-1.2 kV. Evolution of AVtn and ARon as a function of stress time during HTRB test at (e)
Vs2s1=1.2 kV and (f) Vs2s1=-1.2 kV. All tests were conducted at 150 °C.
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Fig. 8 Illustration of carrier dynamics under (a) Vs2s1=1.2 kV stress
and (b) Vs2s1=-1.2 kV stress, both with negative Vaisi.

and a nearly full depletion of p-GaN under G1 and JTE1. The
full depletion of p-GaN, in contrast to the minimal p-GaN
depletion under 1.2 kV stress, explains the large Vry shift only
present under -1.2 kV stress. This is because Schottky-type p-
GaN gate functions as a back-to-back configuration of a p-
GaN Schottky junction and a p-GaN/AlGaN/GaN p-i-n
junction. Right after turn-on, the p-GaN Schottky junction

becomes reversely biased, impeding efficient hole supply (Fig.

8(b)) [14]. Consequently, the remaining negatively charged
ionized acceptors induce a positive Vry shift.

Meanwhile, under the -1.2 kV stress, the high E-field in
the region between S1 and G1 promotes electron trapping at
the AlGaN surface and within the passivation layer (Fig. 8(b)),
further exacerbating the Vry shift. The larger Ron shift is also
observed in the -1.2 kV HTRB test, primarily due to two
factors: (1) the positive shift in Vi and (2) intensified electron
trapping effect in the S1-G1 access region due to higher E-
field. In general, due to the stronger E-field crowding and full
p-GaN depletion, parametric shifts are more serious under -
1.2 kV stress compared to under 1.2 kV stress.

VI. CONSLUSION
This work presents the dynamic stability and reliability
studies of a >3 kV GaN E-mode MBDS under a bipolar bias
stress up to =1.2 kV. This is the first reliability studies of GaN
MBDS under kilovolt operation. In general, despite the
symmetric static characteristics, the dynamic Ron and device
parametric shifts under HTRB and HTGB all exhibit a certain
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Fig. 9 Simulated (a) E-field distribution and (b) contour of hole
concentration in the GaN MBDS under Vs2s1=1.2 kV. Simulated (c)
E-field distribution and (d) contour of hole concentration under
Vsas1i=-1.2 kV. Vgisi =-4 V and Veas2 =5 V.

level of asymmetry in terms of the polarities of stresses and
the impacts of the two gates. This is attributable to the subtle
electrostatic differences when the device is subject to bipolar
bias stresses and the induced difference in carrier trapping.
The device parametric shift is found to be more serious under
the reverse blocking stress compared to the forward blocking
stress. These results suggest the reliability of GaN MBDS
cannot be sufficiently evaluated under the conventional
framework for unidirectional GaN HEMT and demand a more
comprehensive framework involving bidirectional stresses.
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