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Constructing drain surrounded double gate
structure in AlGaN/GaN HEMT for boosting

breakdown voltage
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AlGaN/GaN high electron mobility transistors (HEMTs) play an important role in the field of high-voltage and
high-frequency power devices. However, the current collapse effect of the HEMTs under high voltage
greatly limits the development of AlGaN/GaN HEMTs. In this work, a breakdown performance enhanced
drain surrounded double gate (DSDG) AlGaN/GaN HEMT is investigated. This structure has two separate

gates located on the right and the left of the drain. The optimized off-state characteristics are analyzed

by the Sentaurus TCAD simulation tool. The additional gate contributes to restraining the movement of

Received 13th May 2024
Accepted 23rd June 2024

electrons injected by the source therefore reducing the source-to-drain punch-through current.

Moreover, the energy band pulled up by the relatively low voltage of the right gate helps to alleviate the

DOI: 10.1039/d4ra03508a

rsc.li/rsc-advances

1. Introduction

Gallium nitride (GaN), as the most promising third-generation
semiconductor material, has extensive applications in high-
voltage fields such as electric vehicles, photovoltaic inverters,
and power grid equipment.’ AlGaN/GaN high electron mobility
transistors (HEMTs) based on GaN materials emerge as prom-
ising candidates for high-power applications due to outstanding
physical properties.* However, the non-ideal off-state perfor-
mance limits the HEMT device's further development.® Although
the breakdown voltage (BV) of GaN has significantly surpassed
traditional silicon-based devices, existing BV levels still fall short
of requirements in some high-voltage applications, such as high-
voltage power transmission systems or extremely high-power
scenarios.®® Besides, the overall mechanisms of breakdown
induced by buffer leakage remain ambiguous.>*® Therefore,
insufficient BV has become a key problem limiting the wide
application of GaN HEMTs, and effective methods are urgently
needed to eliminate the negative impact of buffer leakage on BV.
Increasing the BV of GaN HEMTs enables devices to remain
stable under adverse conditions, improving overall system reli-
ability, tolerating higher transient voltages, and enhancing
overload and surge capability."”** GaN HEMTs with high BV can
also operate at higher voltages, increasing power density,
reducing system size and weight, and expanding their applica-
tions in high-voltage scenarios.

However, the breakdown mechanism of GaN HEMTS is often
the result of multiple interacting factors, making the overall
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drain induced barrier lower (DIBL) effect. As a result, DSDG-HEMT could postpone the breakdown by
approximately 100 V through suppressing buffer leakage.

breakdown process more complex.>® In the design and
manufacturing process, various factors should be considered
comprehensively, and the leakage current of the buffer layer
should be reduced by optimizing the epitaxial growth, device
structure design, and process flow to prevent breakdown.
Among these factors, buffer layer leakage currents pose
a significant issue impacting device performance.’ Under high
electric fields, electrons in the buffer layer may leak through
quantum tunneling or Fowler-Nordheim tunneling, causing
breakdown." In regions with high electric fields in the buffer
layer, impact ionization between electrons and holes may
trigger avalanche breakdown.'* Thus, numerous studies have
proposed various methods to improve GaN HEMT BV across
different dimensions, including materials, processes, and
device structures."® These methods include improving material
quality, reducing defects and impurities to decrease leakage
currents, using higher-quality epitaxial materials to minimize
the effects of trap states and other material defects on the
electric field, and optimizing device structure designs, such as
employing field plate structures or stepped structures.”™” In
previous research, the adoption of a two-level wrap-around gate
design (where the gate encircles the drain) could reduce
manufacturing costs by eliminating the mesa isolation step.*®
Based on this design, a drain-surrounding structure is proposed
by Hui Sun et al. to reduce leakage of mesa and isolation
region.” Among these strategies, the field-plate (FP) structure
significantly enhances GaN HEMT BV by introducing metal
plates to the gate, drain, or source electrodes, improving the
electric field distribution, reducing peak electric fields, and
ensuring a more uniform field distribution, thereby improving
BV and device stability.>*>

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In addition, in the field of chip manufacturing, the cost of
tape-out is extremely high. Therefore, it is necessary to combine
device modeling and theoretical calculation® to observe
whether the device function is consistent with the design
expectation in advance when designing new devices. Enlight-
ened by FP structure, this study proposes a GaN HEMT device
featuring a drain surrounded double gate structure that incor-
porates a double gate design around the drain to control the
electric field distribution, reducing peak electric fields, and thus
enhancing BV. Each side of the drain has a gate, referred to as
the inner gate and outer gate. The inner gate forms the primary
switching region with the drain, controlling the electric field in
the drain region to reduce the peak electric field between the
gate and the drain. The outer gate surrounds the drain area,
further reducing peak electric fields and minimizing field
concentration. Simulation results indicate that this double gate
structure effectively alleviates field concentration -effects,
contributes to suppressing buffer leakage effectively and the BV
is improved by approximately 100 V. With an improved electric
field distribution, the on-resistance is reduced, and the
conduction performance is enhanced. Although the dual gate
structure has higher requirements for the process than the
simple FP structure, the drain-surrounded double gate AlGaN/
GaN high electron mobility transistor (DSDG-HEMT) can
control the electric field distribution more accurately and
provide higher electric field control ability through the voltage
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regulation of the dual gate, which is more suitable for high-
voltage and high-frequency applications that require more
accurate electric field control and lower on-resistance. In
summary, the strategy of improving the BV of GaN HEMT
devices by designing the double gate structure proposed in this
research is of great significance for expanding its use in high-
power and high-voltage applications and can improve system
efficiency and reliability. DSDG-HEMT has unique advantages
in specific applications due to more accurate electric field
control, such as higher performance potential in high-
frequency and high-voltage applications.

2. Results and discussion

The cross-sectional schematic of the DSDG-HEMT is shown in
Fig. 1a. The epitaxial structure consists of a 2 pum thick
Alp 05Gag 95N bottom barrier layer, a 10 nm thick GaN channel
layer, a 15 nm thick Al, ,3Ga, ;7N barrier layer, a 110 nm thick P-
doped p-GaN layer and a 200 nm thick Siz;N, passivation layer.
The source-gate length Lgs and the drain-gate length Lgp, are 1
um and 10 um respectively. The second gate on the right of the
drain is placed 1 um away from the drain. The length of the first
gate Lpg and the second gate Lsg are 1 um and 0.5 pm respec-
tively. A conventional gate structure HEMT (CG-HEMT) with
identical design and dimension is also simulated for
comparison.
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Fig. 1

(a) Device schematics of DSDG-HEMT; breakdown and off-state leakage performance of DSDG-HEMT and CG-HEMT. (b) Breakdown

performance, (c) drain and gate off-state leakage; (d) leakage integration, and the percentage taken of each layer of DSDG-HEMT and CG-HEMT.
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The breakdown characteristics of DSDG-HEMT and CG-
HEMT are shown in Fig. 1b. The BV is extracted where the off-
state drain current reaches 1 mA mm™'. The DSDG-HEMT
delivers a nearly 100 V higher BV than that of CG-HEMT
(807 V and 717 V respectively). To investigate the reason for
improved BV, the leakage currents from drain and gate contacts
are monitored during the off-state -V measurement. As illus-
trated in Fig. 1c, the overlarge drain leakage is the main cause of
breakdown for both devices. DSDG-HEMT effectively
suppresses the drain leakage under relatively large Vpg, result-
ing in higher BV. Different from the drain current, the gate
current of DSDG-HEMT is higher than CG-HEMT and experi-
ences a sudden increase after Vpg reaches 500 V, which is
attributed to the double gate structure extending the area where
leakage may occur. To solve this problem, the combination of
SizN, and high-k materials such as HfO, and Ta,Os can be
considered as the gate dielectric material to reduce the gate
leakage in the future.

The epitaxial layer current integration of two devices at Vpg =
700 V is carried out through TCAD tools. As shown in Fig. 1d,
the columns represent the leakage of each layer in the log scale.
The numbers above columns mean the leakage percentage this
layer is taken. The total leakage of DSDG-HEMT is only 15% of
CG-HEMT leakage (5.39 x 10 ® A and 7.88 x 10~ A respec-
tively). Besides, DSDG-HEMT has a lower leakage current in
each epitaxial layer. It is also found that the main proportion of
leakage comes from the buffer layer in both devices. Therefore,
the proposed drain-surrounded structure exhibits larger BV
through effectively suppressed buffer leakage.

As shown in Fig. 2, both devices have a distinct electron
movement path (red arrow) that starts from the source and
points to the drain in the buffer layer, representing a source-to-
drain punch-through current. For CG-HEMT, this current
extends closer to the drain with a higher current density as the
drain voltage increases, and the movement path is more
dispersed. In contrast, DSDG-HEMT restricts the punch-
through currents and terminates its extension far from the
drain area at Vg = 600 V. Furthermore, the buffer layer near the
drain area of DSDG-HEMT exhibits much lower leakage
compared to CG-HEMT.

To further compare the leakage distribution, the lateral
buffer current density was extracted in the location of Y = 1.5
pm at Vpg = 200 V, 500 V, and 700 V. Similarly, the vertical
leakage is extracted in the location of the drain electrode (X =
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13.0, 13.1, 13.2, 13.3 pm respectively) at Vg = 700 V. It can be
observed from Fig. 3 that the current distribution along X-axis of
two devices shows similar trend. Furthermore, these two
devices deliver almost the same current density when Vps =
200 V. When Vpg = 500 V, the buffer current density of DSDG-
HEMT is significantly lower than that of CG-HEMT, but the
two curves still partially overlap. However, the buffer current
density of DSDG-HEMT is significantly lower than CG-HEMT at
Vbs = 700 V, and the two curves are completely separated. For
vertical current density distribution displayed in Fig. 4, the
leakage increases first and then decreases along the Y-axis.
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Fig. 3 Current density along the X-axis in the buffer layer (Y = 1.5 um).
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Fig. 2 Current distribution of CG-HEMT (a) at Vps = 200 V (b) at Vps = 600 V and DSDG-HEMT (c) at Vps = 200 V (d) at Vps = 600 V.
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Fig. 4 Current density along the Y-axis in the area of the drain electrode.

DSDG-HEMT delivers lower current density in all four curves
and the leakage decreases to a negligible value in a shallower
position of the buffer layer. These phenomena suggest that
DSDG-HEMT not only reduces buffer punch-through currents
but also restrains the leakage near the drain contact.

Further analysis is required to reveal the internal mecha-
nisms of reduced buffer leakage. Fig. 5 shows the electric field
(blue arrows) in the area near the drain electrode when Vg =
700 V. It is widely accepted that the drain-to-source electric field
accelerates the source injected electrons and thus forms
a punch-through current. The presence of the second gate
introduces an opposite electric field direction from the drain to
the right, which contributes to weakening the influence of the
premier direction electric field on electron acceleration. The
suppressed acceleration also leads to less severe collision and
further restrains the extension of punch-through currents. In
addition, the DSDG-HEMT has an additional electron move-
ment path from the second gate to the drain due to the opposite
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Fig. 5 The influence the second gate has on buffer leakage current.
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electric field. This phenomenon is consistence with the higher
gate leakage as presented in Fig. 1c.

The reduced buffer leakage is also related to the mitigated
drain induced barrier lower (DIBL) effect. High drain voltage
will lead to a significantly lower barrier between two-
dimensional electron gas and the buffer layer. Consequently,
the source electrode can introduce a large number of electrons
to the buffer layer through direct injection or defects-assisted
tunneling. Fig. 6 shows the lateral conduction band energy
level of the buffer layer in the position of ¥ = 1.5 um under
different drain voltages. The conduction band energy becomes
much lower with the increase of Vps. Different from the single
direction decrease from source to drain in CG-HEMT, the band
energy of DSDG-HEMT shows an increase near the drain. This is
due to the pull-up effect of the low voltage from the second gate.
The increased band energy helps to suppress related electron
movement from source to buffer and, thereby, decreasing the
buffer leakage.
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Fig. 6 Conduction band energy distribution of DSDG-HEMT and CG-
HEMT along the X-axis (Y = 1.5 pm) under different drain voltage.

3. Conclusions

The drain-surrounded double gate HEMT with improved
breakdown characteristics is investigated. The increase in BV is
attributed to reduced buffer leakage. The second gate located on
the right of the drain introduces an opposite-direction electric
field. This electric field helps to restrain the acceleration of
source-injected electrons, which suppresses the source-to-drain
punch-through currents. On the other hand, the lower voltage
of the second gate helps to lift the energy band, leading to
a weakened DIBL effect. These two mechanisms result in lower
buffer leakage, thus postponing breakdown by about 100 V. In
the future, the combination of Si;N, and high-k materials such
as HfO, and Ta,Os can be considered as the gate dielectric
material to reduce the gate leakage to further improve the
current DSDG-HEMT.

4. Experimental section

The simulation of the DSDG-HEMT and CG-HEMT devices is
implemented by the Sentaurus TCAD simulator. Some modified
physical models including Shockley-Read-Hall, Fermi statis-
tics, thermionic, piezoelectric polarization, and electron
avalanche are used to promote the accuracy.
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