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ABSTRACT A novel p-GaN gate AlGaN/GaN high electron mobility transistor (HEMT) structure with a
stepped hybrid GaN/AlN buffer layer (S-HEMT) is proposed and simulated by the Sentaurus TCAD in
this paper. A stepped hybrid GaN/AlN buffer layer is adopted and the step is near the interface of the
gate and drain. First, the breakdown voltage (BV) of the proposed S-HEMT is significantly improved with
the introduction of a stepped hybrid GaN/AlN buffer layer, which can effectively modulate the electric
field distributions along the channel. Second, the AlN buffer layer below the stepped GaN buffer has a
large band offset and a strong polarization, which results in a much lower leakage current and a better
carrier confinement. Consequently, the BV of the proposed S-HEMT will be improved at no expense
of the specific on-resistance (Ron,sp). Compared with those of the conventional p-GaN gate AlGaN/GaN
HEMT on the same gate-to-drain distance of 12 µm, a higher BV of 1781 V and FOM of 0.72 GW/cm2

are obtained for the proposed S-HEMT, which are both about five times. The proposed S-HEMT exhibits
the potential and advantage in high power electronic applications.

INDEX TERMS AlGaN/GaN HEMT, p-GaN, breakdown voltage, stepped hybrid GaN/AlN buffer.

I. INTRODUCTION
Gallium nitride (GaN)-based high electron mobility transis-
tors (HEMTs) have been widely applied in high-power and
high-frequency areas, owing to its excellent performances
such as high breakdown electric field, high-electron mobil-
ity and good thermal stability [1]–[4]. For power devices,
improving the breakdown voltage (BV) and reducing the
specific on-resistance (Ron,sp) are the primary research tar-
gets [5]–[10]. Recently, the p-GaN gate technology has
become one of the most promising methods to obtain
normally-off GaN HEMTs to meet the fail-safe operation
and the simply gate drive topology [11]–[12]. Based on
the p-GaN gate AlGaN/GaN HEMTs, some new technolo-
gies have been proposed and applied to obtain a high BV
and lower Ron,sp. Field plate (FP) technique is a usual
method to enhance BV by means of electric field modu-
lation effect [13]–[16]. Super junction (SJ) technology for
GaN-based V-HFET [17]–[18] could decrease Ron,sp by

modulating the doping concentration. Duan et al. proposed
a depletion-mode AlGaN/GaN HEMTs with a partial GaN
cap, which applied the electric field modulation effect to
reshape the surface electric field and two dimensional elec-
tronic gas (2DEG) distributions [19]. A novel p-GaN HEMT
with a hybrid AlGaN buffer is proposed to improve the BV
and decrease the Ron,sp, which can effectively modulate the
electric field distribution in the channel and the buffer [20].
Recently, the AlN buffer layers is routinely employed to
improve the confinement of 2DEG and make the electric
field redistribution, which would further improve the BV
because of its large bandgap energy of 6.2 eV and high
polarization field [21]–[24]. Most of the researches are based
on the surface electric field modulation, while few focus on
the buffer.
In this paper, a novel p-GaN gate AlGaN/GaN HEMT

structure with a stepped hybrid GaN/AlN layer (S-HEMT) is
proposed in this paper. The study of the device is emphasized
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FIGURE 1. Schematic cross sections of (a) the C-HEMT, (b) the H-HEMT,
and (c) the S-HEMT.

on increasing the BV at no expense of Ron,sp. The stepped
hybrid GaN/AlN buffer layer is introduced to cause the elec-
tric field reshaped along the channel, resulting in a higher
BV. Moreover, the leakage current is effectively lower by
the AlN buffer layer below the stepped GaN buffer, further
improving the BV. The main parameters of the proposed
device will be optimized by the Sentaurus TCAD. The BV
and the figure of merit (FOM = BV2/Ron,sp) for the proposed
device structure are much higher than those the conventional
p-GaN gate AlGaN/GaN HEMT.

II. STRUCTURE AND MECHANISM
The schematic cross-sections of the conventional p-GaN gate
AlGaN/GaN HEMT with GaN buffer layer (C-HEMT), the
p-GaN gate AlGaN/GaN HEMT with the hybrid GaN/AlN
buffer layer (H-HEMT), and the proposed p-GaN gate
AlGaN/GaN HEMT with the stepped hybrid GaN/AlN buffer
layer (S-HEMT) are shown in Fig. 1 (a), (b), and (c), respec-
tively. In the proposed S-HEMT, a stepped hybrid GaN/AlN
buffer layer is adopted and the interface of step is set between
gate and drain. For the three devices, the thickness of the
AlGaN barrier layer (Tbar), the GaN channel layer (Tch)
and the buffer layer (Tbuff) are 20 nm, 10 nm, and 2 µm,
respectively. The gate length (Lg), the source length (Ls) and

TABLE 1. Main structure parameters in simulation.

the drain length (Ld) are 1.5, 3, and 3 µm. The thickness of
the p-GaN layer (Tp−GaN) and the AlN nucleation (Tnuc) are
100 nm and 10 nm, respectively. For the proposed S-HEMT,
the gate-drain distance (Lgd), the length (Lst) and thickness
(Tst) of the stepped GaN buffer layer will be optimized. In
addition, the sum of the thickness of the GaN buffer (Tbuff1)
and the AlN buffer layer (Tbuff2) in the H-HEMT is always
equal to the Tbuff, and the Tbuff2 is equal to the Tst. The
main structure parameters for the three devices are given in
the Table 1.
The fabrication process of the proposed S-HEMT can be

similar with that of the reported the AlGaN/GaN HEMT
with thick AlN buffer layer [21]. The AlGaN/GaN/AlN epi-
taxial structure is grown by metal-organic chemical vapor
deposition (MOCVD) on sapphire substrate. Before grow-
ing the GaN buffer, the AlN buffer layer is partially etched
by using BCl3 plasma based reactive ion etching (RIE) at a
low RF power. The key process steps for an etching of AlN
buffer layer should be controlling the etching RF power value
and rapid annealing process to reduce the addition induced
defects. Ohmic contacts are defined and metalized by elec-
tron beam evaporation after selectively plasma-etching a
p-GaN layer. The SiN passivation layer is deposited by
plasma enhanced chemical vapor deposition (PECVD), and
the gate foot is defined by E-beam lithography (EBL). While,
the interface state between the buffer layer and transition
layer has been considered in simulation, and the breakdown
voltage is not affected by adjusting the trap concentration
value of the interface state.
The Two-dimensional device simulations for the proposed

devices in this paper are performed by using the Sentaurus
TCAD tool. The mobility model is used based on the
experimental measurement [21]. The piezoelectric polariza-
tion model is considered according to the experimental
reports [25]. The Shockley-Read-Hall (SRH) recombination
model, avalanche model, carrier tunneling model and no
band gap narrowing model are also adopted in the sim-
ulation. Other material physical parameters are adopted
according to the reports [26]–[27]. The normally-off p-GaN
gate HEMT fabricated and measured by Zhang et al. [28] is
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FIGURE 2. Experimental and simulated output characteristics for the
normally-off p-GaN gate HEMT.

used to calibrate the simulation models and parameters. The
normally-off p-GaN gate HEMT consists of a 4.3-µm-thick
graded AlGaN buffer, a 100-nm-thick AlGaN channel and
a gate-drain distance of 5µm. The simulated normally-off
p-GaN gate HEMT has a threshold voltage of 4 V, which is
consistent with the experimental result [28]. Fig. 2 shows
the output characteristics of the experimental and simu-
lated results for the normally-off p-GaN gate HEMT. The
simulated results show great fitting well with the experi-
mental results, demonstrating the accuracy of the simulation
models. In simulation, the breakdown mechanism is usu-
ally avalanche breakdown caused by impact ionization. The
impact ionization depends not only on the peak value of
the electric field distribution, but also its shape near the
peak [15], thus, if not specified, the breakdown voltage in
this paper is defined as the drain voltage when the drain
current reaches to 1 × 10−7 A/mm.

For the H-HEMT and S-HEMT, the buffer leakage current
at the off-state is lower than the C-HEMT. The conduction
band diagrams of the three kinds of devices at X = 6.5 µm
are displayed in Fig. 3. It is obviously seen that the AlN
buffer layer below the GaN buffer or the stepped GaN buffer
has a larger band offset and a stronger polarization, which
results in much lower leakage current and better carrier con-
finement for the devices. Then, the gate avalanche breakdown
due to the rapid increase of electric field peak at the gate
close to the drain is suppressed by the step buffer, therefore
the depletion region is extended and the average lateral elec-
tric field between gate and drain is increased. All of these
reasons result in a higher BV at off-state.

III. RESULTS AND DISCUSSION
Fig. 4 shows the on-state I-V characteristics for the
C-HEMT, the H-HEMT and the proposed S-HEMT. As is
shown in Fig. 4 (a), when the drain-source voltage VDS is
set as 0.1V, all of devices exhibit the same threshold volt-
age (VTH) of about 1.1V, which is shown that the VTH of

FIGURE 3. The conduction band diagrams of the C-HEMT, the H-HEMT and
the proposed S-HEMT at X = 6.5 µm.

the proposed S-HEMT has not been affected by the stepped
hybrid GaN/AlN buffer layer. Fig. 4 (b) indicates the Ids−Vds
curves at VGS is set to 3V for the C-HEMT, the H-HEMT
and the proposed S-HEMT, a linear part of which is shown in
the insert picture (Vds ranges from 0V to 1V). The proposed
S-HEMT exhibits slightly higher maximum drain current of
245 mA/mm compared with the H-HEMT of 244 mA/mm
and the C-HEMT of 237 mA/mm, as is shown in Fig. 4 (b).
From the insert picture, these three devices shows the same
specific on-state resistance (Ron,sp) of 4.42 m� · cm2.

Fig. 5 shows the equipotential lines distributions at break-
down for the C-HEMT, the H-HEMT and the proposed
S-HEMT. It is obviously seen that the equipotential lines
located at the gate close to the drain are more crowded for
the C-HEMT than the other two devices. For the proposed
S-HEMT, the stepped hybrid GaN/AlN buffer layer makes
the equipotential lines which are located at the gate close
to the drain more uniform owing to the redistribution of the
electric field. Consequently, the proposed S-HEMT obtains
a higher BV than the other two devices.
Fig. 6 shows the breakdown characteristics for the

C-HEMT, the H-HEMT and the proposed S-HEMT with
Lgd of 12 µm when the devices are turned off. The volt-
age of the VGS is 0 V. It can be seen that the breakdown
voltage for the proposed S-HEMT is 1781V, which is much
higher than that of 319V for the C-HEMT and 1177V for the
H-HEMT. Compared with the C-HEMT and the H-HEMT,
the proposed S-HEMT shows higher breakdown voltage at
no expense of the Ron,sp and demonstrates its great superior-
ity in high-power applications. The off-state buffer leakage
current of the proposed S-HEMT and the H-HEMT are much
lower than that of the C-HEMT, which results in an enhanced
breakdown voltage at the off-state.
Fig. 7 shows the channel electric field distributions at off-

state of VDS = 1000V and VDS = BV for the H-HEMT and
the proposed S-HEMT. As shown in Fig. 7 (a), the electric
field crowding is near the gate edge for the two devices,
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FIGURE 4. The on-state characteristics for the C-HEMT, the H-HEMT and
the proposed S-HEMT, showing (a) transfer characteristics and (b) output
characteristics.

FIGURE 5. Equipotential lines distributions at breakdown for (a) the
C-HEMT, (b) the H-HEMT and (c) the S-HEMT.

but for the proposed S-HEMT the electric field peak near
the gate edge is 3.4 MV/cm, which is lower than that of
4.0 MV/cm for the H-HEMT at a given VDS of 1000V. It

FIGURE 6. The breakdown characteristics for the C-HEMT, the H-HEMT and
the proposed S-HEMT.

FIGURE 7. The electric field distributions along the GaN channels of the
H-HEMT and the proposed S-HEMT at VDS = 1000V (a) and VDS = BV (b).
The solid and dashed lines indicate that the breakdown criterion is based
on the leakage current and the peak electric field, respectively.

can be seen that the maximum electric field peak is reduced
to a small value which lower than the critical electric field in
the proposed S-HEMT due to the electric field modulation
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FIGURE 8. Breakdown voltages of the H-HEMT and the proposed S-HEMT
versus Tst.

effect of the step structure. Therefore, when the device is
breakdown, as can be seen in Fig. 7 (b), the gate to drain
region can be further depleted and the average electric field is
enhanced dramatically. Consequently, the BV of the proposed
S-HEMT is increased. In order to make the analysis more
comprehensive, the breakdown voltage is also defined as the
drain voltage when the peak electric field value reaches to
3.7 MV/cm. The channel electric field distributions of the
H-HEMT and the proposed S-HEMT are indicated by dashed
lines in Fig. 7 (b). The breakdown voltage of the proposed
S-HEMT is 1061V, which is also much higher than that of
690 V for the H-HEMT.
Breakdown voltages for the proposed S-HEMT and the

H-HEMT with different thickness of the stepped GaN buffer
have been simulated to obtain the optimal value of Tst,
where the Tbuff2 is always equal to the Tst. Fig. 8 shows
the BV for the H-HEMT and the proposed S-HEMT with
different Tst. As shown in Fig. 8, the BV of the proposed
S-HEMT increases with an increasing of Tst at Tst < 1.8 µm
due to the reduced off-state buffer leakage current, while
decreases at Tst > 1.8 µm. And then the BV of the H-HEMT
increases linearly with an increasing of Tst because of pre-
mature breakdown happened at the gate close to the drain.
While compared with the H-HEMT, the highest percent-
age increase in BV for the proposed S-HEMT is 51.3% at
Tst = 1.7 µm. In consider of this reason, the optimal value
of Tst is identified as 1.7 µm.

The length of the stepped GaN buffer has been opti-
mized to obtain a higher BV. Fig. 9 shows the BV for the
proposed S-HEMT with different Lst. It is obviously seen
that the BV of the proposed S-HEMT increases slowly and
then decreases rapidly with an increasing of Lst, owing to
the redistributed electric field along the GaN channel. The
highest breakdown voltage (1781V) is obtained with Lst of
6.6µm. Therefore, the optimal value of Lst for the proposed
S-HEMT with Lgd of 12µm and Tst of 1.7µm is identified
as 6.6µm.

FIGURE 9. Breakdown voltages of the H-HEMT and the proposed S-HEMT
versus Lst.

FIGURE 10. The BV, Ron,sp (a) and calculated FOM (b) for the proposed
S-HEMT versus Lgd.

For the proposed S-HEMT, the optimal value of Lst is
always same when the gate-to-drain distance is increased.
Breakdown voltages for the proposed S-HEMT with different
Lgd have been simulated with Lst of 6.6 µm and Tst of
1.7 µm. Fig. 10 shows the BV, Ron,sp (a) and calculated
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FOM (b) for the proposed S-HEMT versus Lgd. It is visibly
seen that the BV of the proposed S-HEMT increases first
and then decreases, and the BV reaches up to a maximum
value of 1781 V when Lgd = 12 µm. Meanwhile, the Ron,sp
increases linearly with an increasing of Lgd. In Fig. 10 (b),
the value of FOM maintains a higher value than 0.2 GW/cm2

when Lgd increases from 7 µm to 13µm. Significantly, the
FOM of the proposed S-HEMT is as high as 0.72 GW/cm2,
which is much higher than that of 0.02 GW/cm2 for the
C-HEMT and 0.31 GW/cm2 for the H-HEMT.

IV. CONCLUSION
A novel p-GaN gate AlGaN/GaN HEMTs with a stepped
hybrid GaN/AlN buffer Layer is proposed and optimized
using the Sentaurus TCAD simulation tools in this paper.
Systematical studies and analyses of the device perfor-
mances have been conducted, and Lst, Tst and Lgd have been
optimized. The simulation results exhibits the remarkable
improvement in BV of 1781V at no expense of Ron,sp. The
lower buffer leakage current and the redistributed electric
field along the channel result in a higher BV at the off-
state. Compared with the C-HEMT, the BV and FOM for the
proposed S-HEMT with the same Lgd of 12µm are improved
by 458% and 3500%, respectively. The proposed S-HEMT
exhibits the potential in high power electronic applications.
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