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High-Voltage p-GaN HEMTs With OFF-State
Blocking Capability After Gate Breakdown
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Abstract— In this letter, we report high-performance
p-GaN HEMTs on Si with robust gate operation. For the
first time, the preserved OFF-state drain blocking capabil-
ity has been demonstrated in p-GaN HEMTs after forward
gate breakdown. Benefitting from the reduced metal/p-GaN
contact region, the gate breakdown was limited to take place
only at the metal/p-GaN junction, with the p-GaN/AlGaN/GaN
junction intact. The device shows state-of-the-art charac-
teristics with a large threshold voltage of 1.75 V at ID of 100
μA/mm (2.3 V by linear extrapolation),a high maximum drain
current of 610 mA/mm at VGS of 8 V, a low specific ON-
resistance of 1.8 m� · cm2, and a high breakdown voltage
of 1100 V defined at ID of 1 μA/mm with grounded substrate.

Index Terms— HEMT, p-GaN gate, normally-OFF,
OFF-state, gate breakdown.

I. INTRODUCTION

NORMALLY-OFF GaN high electron mobility transis-
tors (HEMTs), with the merit of inherent fail-safe oper-

ation, fast switching speed, and low reverse conduction loss,
have shown tremendous promise for efficient power switching
applications [1]. Several approaches, including gate recess,
p-(Al)GaN gate, and fluorine implantation, can be employed
to realize normally-OFF GaN transistors and excellent device
metrics such as high breakdown voltage (VBR) and low
ON-resistance (RON) have been demonstrated [2]–[11].
Among the aforementioned methods, p-(Al)GaN gate tech-
nology is currently the only one being employed in com-
mercialized normally-OFF GaN HEMTs because of better
controllability and stability in threshold voltage [1], [12], [13].
However, as a result of the metal-semiconductor gate contact
scheme, either Schottky or Ohmic, the gate stack of p-GaN
HEMTs is quite vulnerable, typically showing large gate
leakage (IG) and limited gate swing [6], [7]. An excessively
high forward gate bias, e.g., gate voltage spikes at high
speed switching transient, would often lead to catastrophic
gate breakdown, with sudden and irreversible increase of gate
leakage, thus device failure. To ensure the fail-safe operation
of p-GaN HEMT power switches, it is vital to maintain the
OFF-state blocking capability of the p-GaN HEMTs at VGS
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of 0 V, i.e., a low standby drain leakage current, in case
the gate breakdown occurs due to unexpected excessive gate
overdrive. Otherwise, the surge of drain current after gate
breakdown combining with a high OFF-state drain voltage can
cause severe damage to the whole switching system, not only
the device itself.

However, in all the reported p-GaN HEMTs, to our best
knowledge, the forward hard breakdown of the gate stack
increases both the forward and reverse IG by several orders
of magnitude, resulting in significant increase of OFF-state
ID and complete loss of gate control [14]–[17]. The failure
mechanism of forward gate breakdown of p-GaN HEMTs
is still under debate [15], [16], [18]. It is found that in
the conventional p-GaN HEMT design, the gate metal is
commonly self-aligned with the p-GaN gate [8], [19], [20],
conveniently using the gate metal as the etching mask for
p-GaN patterning. This design can spread the gate potential
evenly on the p-GaN along the lateral channel direction.
However, this gate architecture leads to high electric field
(E-field) at the p-GaN edge near p-GaN/AlGaN junction,
resulting in immature hard breakdown in the gate stack upon
a small VGS. A percolation path may be formed in the AlGaN
barrier after gate breakdown [21], [22], shorting the p-GaN
and 2-D electron gas channel through which the drain terminal
is connected. Consequently, the p-GaN/AlGaN/GaN junction
(p-i-n diode) which is the key to block high OFF-state VDS
(reverse biased p-i-n diode) under normal circumstances is
destroyed, resulting in significant increase of reverse IG.

In this work, for the first time, we have demonstrated a
high-voltage p-GaN HEMT with OFF-state blocking capa-
bility after forward gate breakdown, by properly managing
the E-field distribution in the gate stack thus keeping the
p-GaN/AlGaN/GaN junction intact. Although the forward IG
increased significantly after forward gate breakdown, prevent-
ing the device from further normal operation, the OFF-state
drain voltage and reverse gate leakage blocking capability are
preserved in the device. We demonstrate such capability in our
p-GaN HEMTs that exhibit a high VBR of 1100 V at ID of
1 μA/mm with grounded substrate, a low RON of 1.8 m�·cm2,
and a maximum ID (IDS,max) of 610 mA/mm, which are
comparable to state-of-the-art device results.

II. DEVICE DESIGN AND FABRICATION

The MOCVD grown p-GaN/AlGaN/GaN heterostructure
on a 6-inch Si substrate is from a commercial supplier.
The epitaxial structure consists of a 5-μm high-resistivity
GaN buffer, a 400-nm i-GaN channel, a 10-nm Al0.2Ga0.8N
barrier, and a 70-nm Mg-doped p-GaN cap, as shown in
Fig. 1. The hole concentration in the p-GaN layer after
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Fig. 1. Cross-sectional schematic of a fabricated p-GaN HEMT.

Fig. 2. (a) Transfer and (b) output characteristics of a representative
p-GaN HEMT.

activation is ∼1 × 1018 cm−3. The device fabrication started
with p-GaN patterning using a low-power (10 W) BCl3/Cl2-
based inductively coupled plasma dry etching, with a 100-nm
plasma-enhanced chemical vapor deposition (PECVD) SiO2
as the etching mask. Then, Ti/Al/Ni/Au-based metal stack
was deposited and annealed at 850°C for 30 s in nitrogen
ambient for the source/drain Ohmic contacts. The device isola-
tion was performed using fluorine implantation. Subsequently,
a 100-nm PECVD SiN was deposited for surface passivation.
After opening of the strategically smaller gate window on
top of the p-GaN, a Ni/Au-based metal stack was formed as
the gate contact. Since no post-metallization annealing was
performed, the contact between Ni and p-GaN is Schottky like.
Unless otherwise specified, the devices in this work feature a
p-GaN gate length (LG) of 5 μm, a gate-drain distance (LGD)
of 13.5 μm, a gate-source distance (LGS) of 1.5 μm, and a
gate width (WG) of 10 μm. The gate metal foot is 2 μm, and
the gate-connected field plate (GFP) is 2 μm on the drain side
and 0.5 μm on the source side.

III. DEVICE RESULTS AND DISCUSSION

Fig. 2(a) shows the transfer characteristics of the fabricated
device, with almost no hysteresis. The threshold voltage Vth
is extracted to be 1.75 V at ID of 0.1 mA/mm and 2.3 V by
linear extrapolation. A high ON/OFF current ratio of 5 × 108

and a steep subthreshold slope (SS) of 66 mV/dec have been
achieved. Fig. 2(b) shows the device output characteristics.
At VGS of 8 V, the device is able to deliver a high IDS,max
of 610 mA/mm with a low accompanied RON of 8 � · mm.
By normalization to the device area, the specific ON-resistance
RON,sp is calculated to be 1.8 m�·cm2, taking 1.5 μm transfer
length for each Ohmic contact into account. Fig. 3(a) plots
the OFF-state ID versus VDS at VGS of 0 V with the substrate
grounded, measured using a curve tracer (Tektronix 370A)
with a minimum current resolution of 0.1 nA (0.01 μA/mm).
As a result of high-resistivity buffer and well-managed electric
field at the gate edge on the drain side, the device exhibited

Fig. 3. (a) OFF-state drain leakage current and (b) step stress forward
gate breakdown of the p-GaN HEMT.

Fig. 4. (a) ID and IG versus VGS of the device before and after the step
stress measurement. (b) ID and IG versus VDS of the device after the
step stress. (c) OFF-state ID before and after gate stress measurement.
Inset: OFF-state ID-VDS for VDS ≤ 200 V. (d) Cross-sectional schematic
and simplified equivalent circuit model of the gate stack of the p-GaN
HEMT.

a high (soft) VBR of 1100 V, defined at the criteria of ID
reaching 1 μA/mm. The ID mainly arises from the substrate
current. The large IDS,max, high VBR, and low RON are com-
parable to state-of-the-art normally-OFF GaN-on-Si transistors
reported. The forward gate breakdown was evaluated by a step
stress measurement for the devices to gauge the gate stack
reliability (Fig. 3(b)). A step stress was applied to the gate
terminal from 2 V to 12 V at 0.5 V/step with source and
drain grounded. The duration of each step is 180 seconds. The
gate stack with Ni on p-GaN showed a hard gate breakdown
of 10.5 V.

The ID and IG versus VGS of the device before and after
the gate step stress are compared in Fig. 4(a). After the step
stress measurement, IG increases significantly and surpasses
ID when VGS is larger than 1.5 V at VDS of 10 V, suggesting a
hard breakdown of the gate. Nevertheless, the device can still
be turned OFF with a comparably low ID and IG at VGS of
0 V. Fig. 4(b) plots the ID and IG versus VDS of the device after
the step stress. In contrast to the well behaved ID-VDS of the
pre-stressed device shown in Fig. 2(b), the abnormal ID-VDS
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Fig. 5. (a) Comparison of forward and reverse IG before and after
gate breakdown test with maximum forward VGS of +15 V. The
arrows and numbers indicate the measurement sequence. (b) OFF-state
drain leakage current before and after forward gate breakdown. Inset:
OFF-state ID-VDS for VDS ≤ 200 V.

of the device post stress exhibited a much weaker gate modu-
lation on ID and the ID curves intersect the VDS axis when the
device is turned ON (VGS > 2 V), indicating the loss of proper
switching capability after gate breakdown. The negative ID at
large VGS and small VDS (positive VGD) suggests that the gate
leakage current flowing into the drain terminal is larger than
the current flowing out from the drain terminal into the source,
as evidenced by the much larger IG (the sum of IGS and IGD)
at the same VGS. When VGS reduces from 8 V to 1 V, both IG
and ID decrease dramatically, showing a turning-OFF process.
Fig. 4(c) compares the OFF-state ID and VBR before and after
the gate stress measurement. Since the leakage current for
VDS under 1000 V was below the measurement resolution,
an Agilent 4156C semiconductor parameter analyzer was used
to measure the currents for VDS ≤ 200 V, as shown in the inset
of Fig. 4(c). Similar OFF-state ID and VBR were observed in
the device before and after the stress measurement. Therefore,
the OFF-state leakage blocking capability of the gate stack is
clearly maintained in the device after hard gate breakdown.
Even though the transistor cannot be further operated as a
normal switch, the function of protecting the switching system
can be achieved. The retained leakage blocking capability in
our device can be explained by a typical two-diode model for
the gate stack of the p-GaN HEMT with a Schottky gate,
which consists of a Ni/p-GaN Schottky diode (D1) and a
p-GaN/AlGaN/GaN p-i-n diode (D2), as illustrated in
Fig. 4(d). While the hard forward gate breakdown damages
the reverse-biased Schottky diode D1 only, the forward-biased
p-i-n diode D2 remains intact. The reverse IG and OFF-state
ID can still be blocked by the functional reverse-biased D2 and
maintain at low levels similar to that before the gate break-
down, despite the irreversible increase of the forward IG.

To further consolidate our results and explanation, the gate
of another device is intentionally broken down after the first
forward sweep to an excessively high VGS of 15 V, as proven
by the dramatically increased IG at repeated low forward VGS
(Fig. 5(a)). The device still showed almost identical reverse
IG in the second sweep. Moreover, the OFF-state ID and VBR
of the device after gate breakdown remained nearly the same
as that before gate breakdown (Fig. 5(b)), suggesting that the
D2 is still normally functioning. To our best knowledge, this is
the first report on the retained high-voltage blocking capability
of p-GaN HEMTs after forward gate breakdown. Since this is
a general behavior observed in our p-GaN HEMTs, we believe

Fig. 6. Simulated E-field distribution in the gate stack region under
forward gate bias of 15 V for p-GaN HEMTs with (a) rectangular
gate metal self-aligned with p-GaN and (b) T-shaped gate metal with
gate-connected field plate. (c) E-field distribution in p-GaN near the
AlGaN barrier surface along the cutline shown in (a) and (b).

the retained blocking capability can also be anticipated in large
area devices using the gate structure design here.

To explain the distinct gate breakdown behaviors of our
devices, we compared the simulated E-field distribution under
a VGS of 15 V for the conventional gate design which has
a self-aligned gate metal with p-GaN and the T-shaped gate
design here (Fig. 6). For the conventional design, an E-field
peak locates at the p-GaN edge near the AlGaN surface,
which can be flattened and suppressed by employing the
T-shaped structure with gate-connected field plate and reduced
metal/p-GaN contact periphery. The high peak E-field in the
traditional design may result in undesirable breakdown near
the p-GaN/AlGaN interface or inside AlGaN at the p-GaN
edge, leading to the destruction of D2, thus losing OFF-state
blocking function. While, the peak E-field in our design is
significantly suppressed at the p-GaN edge and well confined
inside the p-GaN gate region by the reduced metal/p-GaN con-
tact area, protecting the p-i-n diode D2 from being damaged
under large forward gate bias, thus maintaining the reverse
blocking capability. Therefore, the gate contact architecture of
p-GaN HEMTs needs to be carefully designed to realize the
retained OFF-state blocking capability in the devices.

IV. CONCLUSION

For the first time, high-performance normally-OFF p-GaN
HEMTs with retained high-voltage blocking capability after
forward gate breakdown have been demonstrated. High VBR,
low RON, high IDS,max, large Vth, and nearly ideal SS were
achieved simultaneously in the device. The distinct OFF-state
blocking capability is attributed to the unique gate design
properly managing the E-field at the p-GaN gate edge that
is critical to realize reliable gate operation for high voltage
applications.
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