7270

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 5, MAY 2026

A Dynamic-Ron-Reduced Bidirectional GaN Load
Switch With Inrush Current Protection and
Spike Suppression
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Sheng-Hsi Hung, Ke-Horng Chen

and Hann-Huei Tsai

Abstract—The proposed bidirectional load switch enables bidi-
rectional current conduction while effectively blocking reverse
current, providing efficient and reliable power management. It
operates with a maximum input voltage (Vix) of 48 V and supports
load currents (Iy,,,q4) up to 25 A, achieving a low ON-resistance (R,,)
of 11.2 mQ. A driving current limiter is implemented to regulate
the gate-driving strength and suppress inrush current, allowing
the bidirectional GaN (Bi-GaN) switch to turn ON smoothly. This
results in a rising propagation delay (T}q;) of 347.4 us and a rise
time (7'.) of 936.7 us, reducing inrush current by 91.4%. Addition-
ally, the spike-reduced turn-OFF circuit enables fast turn-OFF with a
409.7 ns falling propagation delay (Tp4r) and 483.6 ns fall time (T’ ),
reducing voltage overshoot by 89.5% to protect on-chip devices.
The Bi-GaN device also adopts a split-source field plate structure,
limiting the R,, increase to only 28.5% after 168 h of stress testing,
thereby ensuring long-term reliability and performance stability.

Index Terms—Bidirectional load switch (BLS), current collapse,
driving current limiter (DCL), dynamic ON-resistance (RON)
reduction, electric vehicle power systems, field plate (FP), gallium
nitride (GaN), gate driver (GD) for bidirectional GaN switch,
spike-reduced turn-OFF (SRT).

I. INTRODUCTION

MPLEMENTING high-side battery switching in 48V elec-
I tric vehicle (EV) power systems requires an advanced load
switch (LS) design that supports both bidirectional current
conduction and reverse current blocking. These features are
essential for efficient and safe power management under various
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Fig. 1. Application of bidirectional load switch.

operating conditions. During the battery charging phase, a single
charger sequentially charges multiple battery cells, as illustrated
in Fig. 1. To enable this functionality, the LS positioned between
the charger and battery cells must provide reverse current block-
ing capability when turned OFF, preventing unintended discharge
from the charged battery. In the discharging phase of the battery,
the LS must facilitate the current conduction from the battery to
the load to meet the power demands of the EV. Dual-mode oper-
ation highlights the importance of bidirectional current transfer,
ensuring effective management of charging currents directed
to battery cells while maintaining a stable path for discharging
currents to power the load. As a result, the LS design is crucial to
optimize system efficiency, preserve battery health, and ensure
reliable operation under varying load conditions.

Conventional LSs [1], [2], [3], [4], [5], [6] typically use a
single power switch (PS) to conduct current between two termi-
nals. However, when the PS is turned OFF, the body diode within
the device allows the reverse current to flow from the second
terminal to the first, which poses a challenge for effective cur-
rent blocking. To address this limitation, LS architectures with
back-to-back (B2B) PS configurations have been introduced
in [7], [8], and [9]. In these designs, the oppositely oriented
body diodes effectively block reverse currents. However, these
LS designs lack full bidirectional current transfer capability,
as their gate drivers (GDs) function only when the voltage at
one specified terminal is higher than the other. Recent advances
have led to the development of bidirectional load switches
(BLSs) [10], [11], [12], which block reverse current and enable
bidirectional current transfer. These BLS designs commonly
incorporate B2B PS configurations to achieve their function-
ality. However, this configuration doubles the ON-resistance
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Fig.2. (a) Ron comparison of discrete, MBS, and MBD topologies. (b) Mode
table of MBD.

(Ron) due to the series connection of two switches, resulting
in higher conduction losses. To mitigate these losses, gallium
nitride (GaN) devices have emerged as a preferred choice for
PS implementation due to their inherently low R,,. Among
the latest innovations, monolithic bidirectional GaN (Bi-GaN)
technology [13], [14], [15] significantly reduces R,, compared
to traditional discrete B2B GaN PS designs, as illustrated in
Fig. 2(a). Bi-GaN devices featuring a common drain/source
(MBD/MBS) structure emulate the functionality of B2B GaN
switches but with reduced R,,, due to the common drain/source
terminals. As shown in Fig. 2(b), Bi-GaN operates in two modes:
In the first mode (Vgis1 = Vaase = 0V), the device blocks
current in both directions. The second mode (Vais1 = Vaase
= 5V) enables bidirectional current conduction. These attributes
make Bi-GaN an ideal solution for BLS applications, offering
reduced conduction losses, improved bidirectional capability,
and enhanced integration in compact designs.

Fig. 3 illustrates the structures of 100V MBS and MBD con-
figurations, where the length from the gate to the drain (Lgq) is
approximately three times the length from the gate to the source
(Lgs), which is a critical consideration for optimizing device
performance. Compared to discrete B2B GaN topologies, mono-
lithic integration offers significant advantages regarding device
size and R,,. Specifically, the MBS configuration achieves a
13% reduction in size, while the MBD configuration achieves a
38% reduction. Given its proportional relationship of R,, with
Ly, and L4, size optimization directly contributes to lowering
Ron, thus improving conduction efficiency and enabling compact
integration for power management applications.

Although the MBS topology in Fig. 4 offers the potential for
further integration, its GD design introduces unique challenges.
The MBS topology allows both gates to be driven by the same
GD, allowing the two gates to be merged into a single control
node [13], [14]. However, during the turn-OFF process, the MBS
topology may result in overstress conditions due to the absence
of an available source terminal for biasing, as shown in Fig. 5(a),
where the input control signal (Vpwy) transitions from high
to low, prompting the GD to pull the gate voltage (Vi) to
ground. As the load resistor (Rpo.q) gradually discharges the
charge on the source terminal, the gate-to-source voltage (Vgs)
experiences a sharp drop, potentially exceeding the gate-to-
source breakdown voltage. Such an overstress can jeopardize the
reliability and longevity of the device. To mitigate this issue, an
additional turn-OFF selector must dynamically manage the gate
terminal during the turn-OFF process. The selector ensures that
the gate terminal is shorted to the lower voltage of either the first
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terminal (V1) or the second terminal (V p2), effectively prevent-
ing overstress conditions in Fig. 5(b). While this solution solves
the risk of breakdown, it comes at the cost of increased control
complexity, as the turn-OFF selector requires precise timing and
coordination to maintain reliable operation. Using two drivers
without tying the gates is another topology to drive the MBS.
However, an additional turn-OFF selector is still required in this
design to determine which terminal is Voyr, as Vi must connect
to Vour during turn-OFF to prevent the overstress problem shown
in Fig. 5(a). Therefore, the topology shown in Fig. 4 and the
topology using two drivers without tying the gates both require
an extra turn-OFF selector, which increases the complexity of
the GD design of MBS. This is one reason why MBS is not
preferable for implementing BLS.

In summary, Bi-GaN configurations offer compelling benefits
in size reduction and R, minimization compared to discrete
B2B designs, with MBD providing the most significant im-
provements. However, the MBS topology introduces unique
challenges during the turn-OFF process, necessitating a turn-OFF
selector to ensure reliability. The tradeoff between integration,
control complexity, and robustness underscores the importance
of continued innovation in designing Bi-GaN devices to realize
their full potential in advanced power management systems.

Considering the characteristics of Bi-GaN devices and the
requirements for GD design, this article adopts MBD as the pri-
mary PS to implement BLS, achieving low cost, high efficiency,
and a simplified GD design.

The rest of this article is organized as follows. Section II dis-
cusses the challenges in GD design and introduces the proposed
GD architecture for the BLS. Section III addresses issues asso-
ciated with Bi-GaN devices and presents methods to enhance
their performance. In Section IV, the measurement results and
a comparison table are provided. Finally, Section V concludes
the article.

II. GATE DRIVER FOR BIDIRECTIONAL LOAD SWITCH
A. Architecture and Challenges of Bi-GaN Gate Driver

Building on the previous GD design for a single GaN PS
[16], the corresponding GD architecture for MBD topology
is illustrated in Fig. 6. To achieve full turn-oN of the MBD,
a large bootstrap capacitor (Choot4) 1S connected between the
gate (V) and the source (Vgs,). While the approach ensures
adequate driving strength for the MBD, it introduces additional
design complexity compared to the GD for a single GaN PS.
The MBD GD requires an extra level shifter to elevate the Vpwym
into the voltage domain spanning from Vg, to the bootstrapped
voltage (Vi,o0t ). Furthermore, an additional charge pump circuit
is required to maintain the voltage across Choot, sufficiently
high to sustain operation. The charge pump uses bulky capac-
itors to handle the increased charge demand, which occupies a
significant area. The complexity further escalates for dual-gate
MBD designs, as each gate requires a dedicated Ch,oot4, level
shifter, and charge pump circuit. The duplication doubles the
area consumption and increases the power and design overhead.

In this article, the proposed GD for the monolithic Bi-GaN
eliminates the need for level shifters, offering a more simplified
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Fig. 6. Architecture of conventional gate driver for MBD.

design [17] compared to traditional GD architectures. As illus-
trated in Fig. 7, the design requires only two Cy,,0t .S in total, one
for each gate terminal, thereby reducing the component count.
Furthermore, the proposed GD incorporates a driving current
limiter (DCL) and spike-reduced turn-OFF (SRT) circuits to ad-
dress critical challenges associated with switching and transient
effects. DCL effectively mitigates the inrush current, which is a
common issue when turning ON LS, by controlling the strength
of the driving current. Additionally, the SRT circuit is designed
to reduce voltage spikes during the turn-OFF process, thereby
protecting the ON-chip devices from potential damage caused by
overshoot voltages. The voltage spikes resulting from parasitic
inductances or rapid switching transitions pose a significant
risk to ON-chip devices. By minimizing voltage spikes, the SRT
circuit improves the reliability and robustness of the system

IOUT = ILoad + IInrush (1)
Vour
T = — 2
Load RLoad ( )
dV
IInrush = C’Load * (;UT . (3)

Fig. 8(a) shows the occurrence of an inrush current during the
turn-ON process in the BLS. The clock signal V- k is activated by
VepwMm- VoLk_pis an inverted signal of V¢ k through an inverter.
Both Vi k and Vopk g are reset to the low state when Vpwy is
in the low state. Vo x and Vork_p determine whether Cpoot 48
are charging by the higher voltage between Vg; and Vgo or
discharging to Vig,. When Viix is high and Vepx g is low,
Choot1 charges Vg, and Cp ot is charged by the higher voltage
between Vg and Vgo. However, Choot1 Slowly discharges by
I1 x G4, leading to insufficient voltage to fully turn ON the BLS,
as shown in Fig. 9(a). When V¢ k transitions from high to low
and Vork_p transitions from low to high, Cp0t1 is charged by
the higher voltage between Vg1 and Vg and the fully charged
Choot2 charges Vi, to maintain a fully-ON voltage of the BLS.
These steps continue until Vpwy transitions from high to low, at
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which point both Vi k and Vepx g are reset to the low state.
As Vpwwm transitions from low to high, Vi, is then charged
by the higher voltage between Vioot1 and Vioote. Verk and
Voo g then drive the capacitors to fully charge, ensuring that
the gate-to-source voltage (V. 5. ) of the Bi-GaN device reaches
the desired level, allowing it to turn ON effectively. However,
during this turn-ON process, an inrush current occurs as the load
capacitor (Cpo,q) is charged from 0 V to Vin. As illustrated in
Fig. 9(b), the current stress in the Bi-GaN device is determined
using (1)—(3).

The sudden influx of current can cause significant stress
on the device, especially when the load capacitor presents a
large capacitance. Large current spikes may damage the device,
leading to device degradation or even permanent damage. Fur-
thermore, Vgago experiences overstress during this transition

gate, a large voltage difference is applied to V2 g2, which can
exceed the rated gate-to-source voltage, risking damage to the
Bi-GaN device.

According to (3), the inrush current is directly proportional
to the rising slope of Vour. Thus, slowing down the turn-ON
speed of the Bi-GaN device helps reduce inrush current. Fig. 8(b)
demonstrates the implementation of a GD soft-start technique
using a small constant current. When Vpywy 1S transitioned from
low to high, the Vi, of Bi-GaN is charged by a small current,
causing Vi, torise gradually. The soft-start addresses the issues
of inrush current and overstress typically observed during the
rapid turn-ON process, thereby enhancing the protection and sta-
bility of the Bi-GaN device during the turn-ON phase. However,
while the soft-start technique effectively mitigates the inrush
current and overstress issues, it introduces a new challenge
related to the gate leakage current (I1,x ;) of the GaN device.
It x G 1s a parasitic current that flows through the gate terminal
and is proportional to the Vizg. As Vi, increases during the
soft-start process, I,k ¢, also increases. At a certain point, when
I1 x ¢ becomes comparable to the small driving current (Ig)
provided by GD, Vi, ceases to rise further. Therefore, Vi, 5, of
the Bi-GaN device is clamped below the fully-ON voltage level
(V@s, tully-on), increasing the R, and leading to higher conduc-
tion losses. Thus, while the soft-start technique offers a solution
to the issues of inrush current and overstress during turn-ON,
the gate leakage current introduces a tradeoff, preventing the
Bi-GaN device from achieving optimal performance.

Fig. 10 illustrates the challenges during the turn-OFF process
of the Bi-GaN device. When Vpwy is transitioned from high to
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low, the Bi-GaN is turned OFF, and the flow of the input current
is abruptly interrupted. The sudden stop of the current creates a
steep current rate of change (di/dt) that interacts with the input
parasitic inductance (Lpar,). Therefore, a high voltage spike in
(4) is induced at the input terminal of the Bi-GaN device. The
voltage spike poses significant risks to the GD circuitry

dIN

g “

‘/Spike =L parl

The magnitude of the spike is directly proportional to the
parasitic inductance and the di/dt, which are influenced by
factors such as the switching speed. If the voltage spike exceeds
the breakdown voltage of the GD or other ON-chip components,
it can cause permanent damage or degradation to the device.
Furthermore, repeated exposure to such spikes may reduce the
reliability and operational lifetime of the Bi-GaN device and its
associated circuitry.

In conclusion, the turn-ON and turn-OFF process plays a crucial
role in the operation of the Bi-GaN-based LS. However, it
presents challenges such as inrush current, Ijxg, and di/dt-
induced voltage spikes. Addressing these issues underscores
the need for effective switching techniques to enhance system
reliability and safeguard the GD.

B. Driving Current Limiter

Fig. 11 illustrates the architecture of the proposed DCL,
designed to effectively mitigate the inrush current and ensure the
full turn-oN of the Bi-GaN power device. The DCL integrates a
soft-start mechanism and a user-defined transconductance stage
to achieve precise control over the GD current. When Vpyy is
low, transistor M 3 pulls Vo down to O V, thereby disabling
the current limiter, as illustrated in Fig. 11(a). As shown in
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Fig. 12, when the Vpwwm signal transitions from low to high,
M n3 turns OFF, and M pg turns ON and OFF repetitively to charge
the soft start capacitor (Css) slowly, causing the control voltage
Vot to ramp up gradually. The user-defined transconductance
converts Viof into the corresponding limit current /jipie, which is
subsequently mirrored to the current-limiting stage. The source
terminals of M py and M p5 are connected to the bootstrap voltage
Vbootss thereby constraining the driving current Ipye Within
the limits of [}y Regulated Ipgve ensures a controlled and
gradual increase in the gate current /., which charges Vi,
smoothly. Consequently, the operation alleviates inrush current
and prevents overstress on the Bi-GaN device during the turn-ON
process, as verified by the transient response shown in Fig. 13.
When the soft-start phase ends, Vi remains at a constant level.
A larger Iy allows a stronger I, to compensate for the gate
leakage current I,k ¢, This ensures that the Bi-GaN device is
fully turned ON, thereby minimizing R,, and conduction losses.

C. Spike-Reduced Turn-off Circuits

Fig. 14 shows the schematic of the proposed SRT, designed
to suppress voltage overshoot during the turn-OFF transition
of Bi-GaN. When Vpwy is high, transistors M1, and M o2
turn OFF, driving Vs, mp11 and Vsg, mp21 to O V and thereby
switching M p11 and M poy OFF, as shown in Fig. 14(a). When
the control signal Vpwy switches from high to low, NMOS tran-
sistors M 11 and M o1 are activated, pulling the gate voltages
of Mpy1 and M py; low to short Vg, to Vs, effectively turning
OFF the Bi-GaN. During this event, a voltage spike at node Vg
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is capacitively coupled to the gate of M po; through capacitor
C1,dynamically lowering its source-to-gate voltage (Vsa, mp21)-
This reduction modulates and decreases the Bi-GaN’s turn-OFF
current (1), slowing the discharge of the gate capacitance of
Bi-GaN. As a result, the turn-OFF process is decelerated, effec-
tively reducing the voltage spike at Vg1, as shown in Fig. 15. This
controlled turn-OFF improves Bi-GaN reliability by minimizing
electrical overstress from fast switching.

III. BIDIRECTIONAL GAN SWITCH

A. Mechanism of Current Collapse in MBD

Although the low R,, of the Bi-GaN device helps min-
imize conduction losses, its long-term stability deteriorates
under sustained high-voltage stress. Over time, R,, gradually
increases, resulting in reduced efficiency of the BLS. As shown
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in Fig. 16(a), this degradation is linked to the “current collapse”
phenomenon [18], [19], [20], [21], [22] commonly seen in
GaN devices. The effect is caused by electron trapping in the
insulating layer, triggered by strong electric fields between the
gate and drain terminals. During the ON state of a GaN HEMT,
a conductive channel is formed to carry current. When the Vg
is lowered, the device turns OFF, and the drain voltage rises.
In this period, the high electric field between the gate and drain
induces electron trapping in the insulator. These trapped charges
persist and partially screen the channel, thereby impeding cur-
rent conduction during the subsequent ON state and resulting in
an increased dynamic R,,. Prolonged high-voltage stress causes
increased electron trapping, which depletes the two-dimensional
electron gas (2DEG) and obstructs current conduction. The
reduction in 2DEG density weakens channel conductivity and
obstructs current flow, resulting in a transient increase in dy-
namic R,,, as illustrated in Fig. 16(b). The increase in R,
becomes more pronounced with higher gate-to-source voltage
stress [23]. Additionally, the dual-gate structure of the MBD
architecture intensifies the current collapse effect. As shown
in Fig. 17, charge trapping occurs beneath both gate terminals
simultaneously, doubling the impact on R,,. This exacerbates
the degradation of the conduction performance of the device,
accelerating the rise in R,, and leading to a further decline in
efficiency over time.

B. Dynamic-R,,-Reduced Bidirectional GaN Switch

Fig. 18 illustrates the structure of GaN high electron mo-
bility transistors (HEMTSs) incorporating various field plate
(FP) configurations. Conventional GaN HEMT with a gate
field plate (GFP) [24], [25] exhibits a pronounced electric field



7276

Gate Field Plate (GFP)
GFP
GFP Field Pl FP
+
SFP
Split Sou r;\:e Field Plate (SSFP)
GFP+ i
SFP+
SSFP
[ + + 1 (Um
0 4 8 12 (m)
Fig. 18.  GaN HEMTs with different field plates.
, 4 e — GFP
= “ [ Highelectricfield
E, Ieadsgto trapping effect — GFP+SFP+SSFP
>
g Evenly distributed electric field
: | JW\/\
@
=
L2
B
2 0k
w R >
0 4 8 12
Length (um)
Fig. 19. Electric field distribution in GaN HEMTs with different field plates.

concentration at the edge of the gate, as shown in Fig. 19. The
peak electric field contributes to device degradation and current
collapse in high-power operation. To address this issue, the
GaN HEMT with an additional source field plate (SFP) [26],
[27] demonstrates an improvement by slightly suppressing the
electric field peak. The presence of the SFP causes the peak
electric field to shift from the gate edge to the edge of the SFP,
thereby mitigating the field stress on the gate and improving
overall device reliability. However, while the introduction of the
SFP alleviates some field concentration, the redistribution of the
electric field remains nonuniform, leading to residual peaks that
can still impact performance under high-voltage conditions. The
proposed split source field plate (SSFP) structure consists of a
segmented extension of the SFP, further modulating the electric
field distribution. The segmentation ensures a more gradual
transition of the electric field across the SFP and SSFP edges,
thereby reducing the magnitude of the peak electric field and
achieving a more uniform field profile, as shown in Fig. 19.
The bidirectional control of the Bi-GaN device is enabled by
the symmetric source/drain architecture and the underlying Al-
GalN/GaN heterostructure. The 2DEG channel can be modulated
by the gate potential, thereby allowing bidirectional conduction
while maintaining normally-OFF characteristics. The device is
fabricated on a 6-inch GaN-on-Si wafer, which comprises a
low-resistivity silicon substrate, a GaN buffer/transition layer,
and a p-GaN gate layer. The SFPs and SSFPs are implemented
with ~1.5-pm-thick Aluminum-Copper interconnects to ensure
robust current handling. The GFP employs a Schottky contact
metal with a thickness of about one-fifth of the SFP, directly
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Fig. 20. (a) SEM cross-sectional image of the Bi-GaN in the 0.5 pm process.
(b) Chip micrograph of Bi-GaN gate driver.
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Fig.21.  Package of Bi-GaN.
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interfacing with the p-GaN layer and incorporating Nickel Sili-
cide to improve electrical performance and reliability.

IV. MEASUREMENT RESULTS

Fig. 20(a) shows the scanning electron microscope (SEM)
cross-sectional image of the Bi-GaN in the 0.5 pm process, and
Fig. 20(b) shows the silicon driver in the 0.18 gm BCD process.
Fig. 21 shows the chip micrograph of a package of the Bi-GaN to
drive a large current. Figs. 22 and 23 show the measured wave-
forms of turn-ON and turn-OFF operations under 48 V Vjy and
25 A I paqg With 10 puF Cpoaq. Fig. 22 shows that Bi-GaN is fully
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turned ON with 5V Vo gs. Figs. 24 and 25 show the zoomed-in
turn-ON and turn-OFF operations. The proposed GD with Bi-GaN
has a 347.4 ps rising propagation delay (7pq;) and a 936.7 us
rising time (7}.) to turn ON Bi-GaN smoothly for delay (7,4r) and
a483.6 ns falling time (7;) to turn OFF Bi-GaN immediately for
reverse current blocking. Fig. 26(a) demonstrates that utilizing
DCL reduces the inrush current by 91.4% under a maximum
load capacitance (Cpy,q) of 10 uF. Additionally, fine-tuning the
user-defined transconductance achieves a further 1.8% reduction
in the inrush current.

Fig. 26(b) shows that the implementation of the SRT effec-
tively suppresses the overshoot on Vg, achieving an overshoot
suppression of 89. 5% under a maximum load current (Ipaq)
of 25 A. The reduction in voltage stress enhances the reliability
of the on-chip power devices by preventing potential overstress.
Also, it preserves the fast turn-OFF characteristics essential for
high-performance switching operations.

Fig. 28 presents the wafer distributions of the measured R,
for the MBD fabricated with different FP structures, with each
structure consisting of 50 measured samples. The R,, values of
the conventional SFP MBD and the proposed SSFP MBD are
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nearly identical. However, after undergoing a 168-hour burn-in
test, the R,, of the proposed SSFP MBD increases by only
28.5%, which is significantly lower than typically observed in
conventional structures under similar stress conditions. This mit-
igation in the dynamic R, of Bi-GaN effectively mitigates the
conduction loss, enhancing the overall efficiency and reliability
of the device during the on-state operation of the BLS. The
dynamic R,, measurement circuit follows the setup shown in
Fig. 3 of [21], as shown in Fig. 27(a). R, is obtained from the
ON-state voltage Vg1 g2 and current [1y. M is used to control the
device under test (DUT) trapping time. 21, sets the current level
when the DUT is in the ON-state. Static R, is measured by
applying the control signal shown in Fig. 27(b), where DUT
is continuously ON and M; is controlled by a single pulse.
Dynamic R, is measured by applying the control signal shown
in Fig. 27(c). The DUT is first turned OFF with M; applying a
bias voltage (Vgiss) across it (trapping), then turned ON again
to allow current conduction (detrapping). By varying the OFF
period (#1-t2) and ON period (#2-13), Ro, under different trapping
and detrapping conditions can be evaluated. The burn-in test to
measure dynamic R, is conducted over 168 h from #; to #,. The
R, is measured 1 us after £o.

Fig. 29(a) illustrates the test bench setup designed to evaluate
the turn-ON and turn-OFF propagation delays, where capacitors
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TABLE I

COMPARISON TABLE WITH STATE-OF-THE-ART

Design This article SiP32101 [10] NX5P3001 [11] AP22953 [12] ADPI198 [7] MIC94080 [4]
Si: 0.18um BCD;
Technology GaN: 0.5um N/A N/A N/A N/A N/A
Tonol Silicon driver Silicon driver Silicon driver Silicon driver Silicon driver Silicon driver
opolo
potogy + Bi-GaN switch + PMOS switch + NMOS switch + NMOS switch + PMOS switch + PMOS switch
VN max / TLoad max 48V /25A 5.5V /TA 30V, *6.75V / 3A 59V /3.5A TV /1A 6V /2A
Toar / Tpar 347.4 ps /409.7 ns 80 pus /120 ps 160 ps /34.6 ms 15ms/5.22 ps 450 us / N/A 0.4 pus /60 ns
T,/ T¢ 936.7 us / 483.6 ns 1000 ps / 100 ps 1100 ps /33 ms N/A 650 ps / N/A 60 ns /20 ns
Ron 11.2 mQ 6.5 mQ 62 mQ 39 mQ 40 mQ 67 mQ
(Dynamic
1.285 N/A N/A N/A N/A N/A
Ron)/Ron
Package Size 4.8 mm? 1.22 mm? 1.15 mm? 1.64 mm? 2.2 mm? 0.4 mm?
**FoM 223 4.9 1.3 0.3 0.08 0.4
Temp. Range -40°C ~ 125°C -40°C ~ 85°C -40°C ~ 85°C -40°C ~ 85°C -40°C ~ 125°C -40°C ~ 125°C
Inrush Cu.rrent Yes Yes Yes Yes Yes No
Protection
Spike Reduced Yes No No No No No
Turn-off
Reverse C.mrem Yes Yes Yes Yes Yes No
Blocking
Bidirectional Yes Yes Yes Yes No No
Transfer

*Two different maximum input voltage in two terminals; **FoM= (VN max*ILoad max)/(Ron*Package Size) (Unit: V*A/mQ*mm?))

Cgate1=C =C H T um-on defay o
gate1=L gate2= L gate 3100] Tomof deey o
T2 Tong tum-on time f
= ong turn-on time for
2 17049
\[ éch lcgatez 3 100: inrush current protection
S 1004
TVG1 VG;T- S s
S, 3000
V. g
st & 33007
Vewn——] Driver & 27007 Fast turn-off for reverse
210n] current blocking
150+ o

45 6 1
Cate do NOT equals the Ciss of Bi-GaN Cone(nF)

@ (b)
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versus Vga51.

Cgate1 and Cgaten Serve as gate capacitances to simulate vari-
ous gate driving conditions. Fig. 29(b) presents the measured
turn-ON and turn-OFF delays for different Cgye values. The
extended turn-ON time, resulting from the DCL, effectively pre-
vents the Bi-GaN from experiencing inrush current. Meanwhile,
the fast turn-OFF time ensures prompt reverse current blocking.
Fig. 30(a) depicts the test setup for evaluating the reverse current
behavior of the Bi-GaN under different voltage conditions from

Fig. 31. Measurement setup of the charger system with proposed MBD BLS.

the second terminal to the first (Vgag1). Fig. 30(b) shows the
measured reverse current under different Vgog1. V11 and
Vgaoge are both 0 V, and V¢ is 0 V in the reverse blocking
test. The reverse current is less than 280 nA under 100 V Vg 51,
the reverse blocking capability effectively guarantees the safe
operation of the BLS.

Fig. 31 shows the measurement setup of the charger system
with the proposed MBD BLS. Fig. 32 presents the measured
power efficiency of the charger system incorporating either the
discrete B2B GaN BLS or the proposed MBD BLS. The results
demonstrate that the proposed MBD BLS achieves a consistent
improvement in system efficiency across the tested operating
range. Specifically, a maximum enhancement of 0.9% in power
efficiency is observed compared to discrete GaN BLS.

Table I gives that the proposed BLS has a maximum Viy of 48
V and I} 55q of 25 A with a low R,, of 11.2 m{2 by adopting Bi-
GaN as the main PS. The inrush current protection with dynamic
driving current control allows the GD to fully turn ON Bi-GaN for
minimized R,, without the risk of overcurrent. The SRT blocks
the reverse current fast without damaging the on-chip devices.
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V. CONCLUSION

This article proposes a BLS that enables both bidirectional
current flow and reverse current blocking. The proposed BLS
supports a maximum input voltage of 48 V and a load current of
25 A, achieving an ON-resistance R, of 11.2 m{2. To regulate the
turn-ON behavior of the Bi-GaN switch, a DCL is introduced,
providing a turn-ON propagation delay Tpq, of 347.4 s and a
rise time 7;. of 936.7 us, effectively reducing inrush current by
91.4%. An SRT circuit dynamically adjusts the turn-OFF speed,
enabling rapid deactivation with a Tpgr of 409.7 ns and a fall
time T’y of 483.6 ns, reducing voltage overshoot by 89.5%. In
addition, the Bi-GaN device with an SSFP structure mitigates
the current collapse effect under extended high-voltage stress,
limiting R, degradation to 28.5% after 168 h of continuous
operation.
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