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Novel double channel reverse conducting GaN HEMT with an
integrated MOS-channel diode

Xintong Xie(谢欣桐), Cheng Zhang(张成), Zhijia Zhao(赵智家), Jie Wei(魏杰),
Xiaorong Luo(罗小蓉)†, and Bo Zhang(张波)

School of Electronic Science and Engineering, University of Electronic Science and Technology of China, Chengdu 610054, China

(Received 25 February 2023; revised manuscript received 22 May 2023; accepted manuscript online 28 June 2023)

A novel normally-off double channel reverse conducting (DCRC) HEMT with an integrated MOS-channel diode
(MCD) is proposed and investigated by TCAD simulation. The proposed structure has two features: one is double het-
erojunctions to form dual 2DEG channels named the 1st path and the 2nd path for reverse conduction, and the other is the
MCD forming by the trench source metal, source dielectric, and GaN. At the initial reverse conduction stage, the MCD acts
as a switch to control the 1st path which would be turned on prior to the 2nd path. Because of the introduction of the 1st

path, the DCRC-HEMT has an additional reverse conducting channel to help enhance the reverse conduction performance.
Compared with the conventional HEMT (Conv. HEMT), the DCRC-HEMT can obtain a low reverse turn-on voltage (VRT)
and its VRT is independent of the gate–source bias (VGS) at the same time. The DCRC-HEMT achieves the VRT of 0.62 V,
which is 59.7% and 75.9% lower than that of the Conv. HEMT at VGS = 0 V and −1 V, respectively. In addition, the
forward conduction capability and blocking characteristics almost remain unchanged. In the end, the key fabrication flows
of DCRC-HEMT are presented.

Keywords: AlGaN/GaN, HEMT, double-channel, reverse conduction

PACS: 85.30.De, 85.30.Tv, 73.40.Qv, 51.50.+v DOI: 10.1088/1674-1056/ace248

1. Introduction
GaN-based power devices are promising candidates

for next-generation power switching applications owing to
their superior device properties, including low specific on-
resistance (Ron,sp), low switching loss, and high breakdown
voltage (BV ).[1–4] In many power switching circuits such as
DC–AC inverters and boost converters, low-loss reverse con-
duction of the power transistors is required to provide a free-
wheeling current path so that the inductive load current would
not be disrupted and high voltage peaks are suppressed.[5]

The conventional GaN HEMT itself can reversely con-
duct, and its reverse turn-on voltage (VRT) depends on the
gate–source bias (VGS) and threshold voltage (Vth) (VRT =

|Vth −VGS|).[6–8] In practical power switching applications,
VRT would even further increase since a negative VGS is of-
ten employed to prevent false turn-on and increase noise
immunity.[9] An externally anti-paralleled Schottky barrier
diode (SBD) can obtain low reverse conduction loss[10] but
introduces additional parasitic parameters[11] and increases
the total cost.[12] Embedding Schottky contact is another
method,[13–17] but this may sacrifice the forward conduction
area[18,19] and reduce BV .[13,20,21]

In this work, we propose a novel normally-off double
channel reverse conducting (DCRC) HEMT with an integrated
MOS-channel diode to achieve low VRT. Also, its parameters
are optimized to maintain superior forward conduction capa-

bility and blocking characteristics. Finally, the feasible pro-
cess steps of DCRC-HEMT are given.

2. Device structure and operation mechanism
Figure 1 shows the schematic cross-sectional view of the

DCRC-HEMT and Conv. HEMT. The DCRC-HEMT is fab-
ricated on a AlGaN/GaN/AlGaN/GaN multiple heterojunc-
tion platform, which forms double 2DEG channels named
the 1st path and the 2nd path. The source metal, HfO2 di-
electric, and 1st GaN form an integrated MOS-channel diode
(MCD) acting as a switch to control the 1st path, which con-
sists of a metal–insulator–semiconductor (MIS) structure. L
and tox are the length and thickness of HfO2 in the MIS struc-
ture, respectively; N1 of 1015 cm−3 is the doping concentra-
tion of the 1st GaN. T is the thickness of the 2nd GaN layer.
The optimal values of L, tox, and T are 0.2 µm, 15 nm,
and 1 µm, respectively. The other corresponding parame-
ters of the DCRC and Conv. HEMT are kept the same. Ta-
ble 1 gives the main dimensional parameters of the DCRC and
Conv. HEMT. Simulations have been carried out in Sentau-
rus TCAD,[22] and physics models are used to accurate the
simulation such as Piezoelectric Polarization (strain) model,
mobility models, e.g., DopingDependence and HighFieldSat-
uration, SRH recombination model, and eBarrierTunneling
model. The acceptor traps (1× 1017 cm−3) are added in both
the 1st and the 2nd GaN to suppress leakage current.[23] The
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donor traps (5× 1013 cm−3) are placed at the interface of 2nd

GaN/1st AlGaN and SiNx/2nd AlGaN to serve as the source
of 2DEG in the 1st path[24] and the 2nd path,[25] respectively.
The effective electron mobility in the 2DEG channel is set as
1717 cm2/V·s,[26] and the effective electron mobility along
the MCD channel is set as 165 cm2/V·s, owing to the etch
damage.[27]

Figure 2 shows the equivalent circuits and current flows of
the DCRC-HEMT at different operating states. In the reverse
conduction state with VRT < |VDS| ≤ |Vth−VGS| and VGS < 0 V
in Figs. 2(a) and 2(b), the MCD is turned on with the accu-
mulation layer under the source trench. However, the 2DEG
under p-GaN in the 2nd path is depleted. As |VDS| exceeds

|Vth−VGS| in Figs. 2(c) and 2(d), the 2nd path is then turned
on. Consequently, two paths participate in reverse conduction
and the reverse current capacity is improved. In the on-state
with VGS > Vth and VDS > 0 V in Figs. 2(e) and 2(f), only the
2nd path turns on, while MCD is pinched off. Consequently,
the forward conducting characteristics would not be influenced
by the MCD.

Table 1. Main dimensional parameters.

Parameter Value Parameter Value
Lgs (µm) 1 t1st AlGaN (nm) 15
Lg (µm) 1 t1st GaN (µm) 2
LFP (µm) 5 t2nd AlGaN (nm) 15
Lgd (µm) 9.5 tC−AlGaN (nm) 15

tP−GaN (nm) 110 tC−GaN (µm) 2
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Fig. 1. Schematic cross-section of (a) DCRC-HEMT and (b) Conv. HEMT.
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Fig. 2. Current paths and equivalent circuits of the DCRC-HEMT at different operation states.

3. Results and discussion

Figure 3(a) gives the log-scale reverse conduction char-

acteristics to clearly illustrate VRT. The VRT is defined as

the |VDS| at |IDS| = 1 mA/mm. For DCRC-HEMT, when

VRT < |VDS| ≤ |Vth−VGS|, only the 1st path is turned on, as

shown by point M, which is only controlled by MCD instead

of VGS. Therefore, the VRT of DCRC-HEMT is independent
of VGS. When VGS varies from 0 V to −1 V, the VRT of the
DCRC-HEMT keeps 0.62 V (i.e., at points M and M′), while
the VRT of Conv. HEMT shifts from 1.54 V to 2.57 V, denoted
as the green arrow from O to P point in Fig. 3(a). Compared
with the Conv. HEMT, the DCRC-HEMT realizes 59.7% and
75.9% reduction of the VRT at VGS = 0 V and −1 V, respec-
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tively. For the curves of DCRC-HEMT, the current deviation
between the solid and dashed lines at point O′ suggests the
turn-on of the 2nd path. The turn-on voltage of the 2nd path
(i.e., at point O′) is equal to that of the Conv. HEMT, i.e., at
VRT = 1.54 V at point O. Figure 3(b) shows the linear-scale
reverse current through the 1st path (|I1|) and 2nd path (|I2|)
in DCRC-HEMT at VGS = 0 V and −1 V, which satisfies the

equation |I1|+ |I2|= |IDS|. It can be verified that the deviation
of |IDS| and |I1| occurs at point O′ with 1.54 V or at point P′

with 2.57 V, which corresponds to the turn-on voltage of the
2nd path at VGS = 0 V or −1 V, respectively. Figures 3(c)–3(f)
demonstrate the turn-on sequence of the 1st path and 2nd path
and their corresponding turn-on voltages on the condition of
VGS = 0 V and −1 V.
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Figure 4 shows the extracted conduction band energy
curves (Ec(x)) and electron concentration distributions along
the cutline AA′ at different |VDS|, respectively. When |VDS| in-
creases from 0 V to 0.62 V and 1 V, the barrier height (qϕb)
steadily decreases and even disappears. The HfO2/GaN inter-

face under the source metal changes from depletion to accu-
mulation state, and the electron concentration increases from
lower than N1 to higher than N1 (although is still lower than
the concentration of 2DEG). As a result, the MCD is turned
on.
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Fig. 5. Reverse conduction characteristic as a function of tox.

Figure 5 shows the log-scale and linear-scale reverse con-
duction characteristics of DCRC-HEMT as a function of tox at
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VGS = −1 V. The thicker tox leads to a weaker electron accu-
mulation effect along the channel in MCD, therefore, the VRT

increases from 0.62 V at 15 nm to 1.13 V at 30 nm. However,
the turn-on of the 2nd path is independent of tox, so points P1

and P2 almost keep the same value of 2.57 V as discussed in
Fig. 3.

Figures 6(a) and 6(b) show the influence of L on re-
verse conduction characteristics and BV . It can be seen in
Fig. 6(a) that VRT increases slightly with the increasing L. As
shown in Fig. 6(b), BV is sensitive to the variation of L when
L ≤ 0.15 µm. However, when L ≥ 0.20 µm, the BV and VRT

of MCD almost keep constant. The optimized region repre-
sented in Fig. 6(b) could simultaneously fulfill the require-
ment of high BV and low VRT. Figure 6(c) shows the Ec(x)
and electron concentration distributions along the cutline AA′

(see Fig. 4) at different L. Owing to the short-channel effect,
both the barrier height and width decrease with the decreasing
L when L < 0.15 µm. Figures 6(d)–6(e) compare the leakage
current distribution along MCD with L = 0.1 µm and 0.2 µm
at their own BV s of 459 V and 686 V. As a result, the short-
channel effect in DCRC-HEMT with L = 0.1 µm would lead
to premature punch-through breakdown with IDS = 1 µA/mm
at the forward blocking state.

Figure 7 shows the blocking characteristics of the DCRC-
HEMT with different T . High potential from drain is con-
ducted through the 1st path of low resistance, attracting elec-
trons from the source. The lower T means the lower dis-
tributed resistance R from the source to the 1st path. There-
fore, more electrons are prone to flow through the 2nd GaN

vertically to the 1st path. Thus, to suppress the high leakage
current, T should not be too low.

Figure 8 gives the transfer and output characteristics of
DCRC-HEMT and Conv. HEMT. Figure 8(a) shows that the
DCRC and Conv. HEMT exhibit normally-off operation with
Vth = 1.52 V and 1.54 V at IDS = 1 mA/mm, respectively. Fig-
ure 8(b) indicates that the on-state performances of DCRC-
HEMT almost keep consistent with that of the Conv. HEMT,
which is because the 1st path does not contribute to the forward
conduction.

Figure 9 shows the key fabrication of the DCRC-HEMT,
which starts with forming 110-nm-thick p-GaN on a double-
channel heterostructure based on the GaN-on-Si platform. The
mesa isolation is fabricated by Cl2/BCl3-based inductively
coupled plasma (ICP). Then the p-GaN gate is etched by ICP
and passivation layers are formed by low pressure chemical
vapor deposition (LPCVD) in Fig. 9(b). Afterwards, digital
etching is used to form the source and drain trenches and mit-
igate the damages, including ICP etching, plasma oxidation
and wet-etching in Fig. 9(c). Subsequently, dielectric depo-
sition is carried out after the surface treatment, followed by
partial etching to expose the source and drain Ohmic contact
region, as shown in Fig. 9(d). In Fig. 9(e), a metal stack of
Ti/Al/Ni/Au is deposited with the low-temperature Ohmic pro-
cess and then is lifted-off to form the source/drain contact. Fi-
nally, the gate electrode is formed by e-beam evaporation and
lift-off after selectively removing SiNx by reactive ion etching
(RIE) in Fig. 9(f).
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Fig. 9. Key fabrication of the DCRC-HEMT. (a) Epitaxy. (b) Gate definition and passivation layers formation. (c) Source/drain ohmic trench
formation. (d) Source dielectric stack formation. (e) Source/drain electrodes. (f) Gate electrode.
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4. Conclusion
In summary, a novel double-channel reverse conducting

GaN HEMT with an integrated MOS-channel diode is pro-
posed. The DCRC-HEMT provides an extra reverse current
path to significantly improve the reverse current capability,
maintaining the high on-state and blocking performances at
the same time. The VRT of 0.62 V of the DCRC-HEMT is not
only low but also independent of VGS and Vth. As a result, the
proposed DCRC-HEMT has the potential to reduce reverse-
conducting loss in power switching applications.
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