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High-performance vertical GaN field-effect transistor with an
integrated self-adapted channel diode for reverse conduction

Siyu Deng(邓思宇), Dezun Liao(廖德尊), Jie Wei(魏杰), Cheng Zhang(张成),
Tao Sun(孙涛), and Xiaorong Luo(罗小蓉)†

University of Electronic Science and Technology of China, Chengdu 611731, China

(Received 3 July 2022; revised manuscript received 19 August 2022; accepted manuscript online 26 August 2022)

A vertical GaN field-effect transistor with an integrated self-adapted channel diode (CD-FET) is proposed to improve
the reverse conduction performance. It features a channel diode (CD) formed between a trench source on the insulator
and a P-type barrier layer (PBL), together with a P-shield layer under the trench gate. At forward conduction, the CD
is pinched off due to depletion effects caused by both the PBL and the metal–insulator–semiconductor structure from the
trench source, without influencing the on-state characteristic of the CD-FET. At reverse conduction, the depletion region
narrows and thus the CD turns on to achieve a very low turn-on voltage (VF), preventing the inherent body diode from
turning on. Meanwhile, the PBL and P-shield layer can modulate the electric field distribution to improve the off-state
breakdown voltage (BV). Moreover, the P-shield not only shields the gate from a high electric field but also transforms part
of CGD to CGS so as to significantly reduce the gate charge (QGD), leading to a low switching loss (Eswitch). Consequently,
the proposed CD-FET achieves a low VF of 1.65 V and a high BV of 1446 V, and VF, QGD and Eswitch of the CD-FET
are decreased by 49%, 55% and 80%, respectively, compared with those of a conventional metal–oxide–semiconductor
field-effect transistor (MOSFET).

Keywords: GaN field effect transistor, reverse conduction, integrated diode, turn-on voltage

PACS: 85.30.De, 85.30.Tv, 73.40.Qv, 51.50.+v DOI: 10.1088/1674-1056/ac8ce6

1. Introduction
GaN power devices perform at high frequency, high

efficiency and high power density in power conversion
systems.[1–3] At present, GaN horizontal high electron mo-
bility transistors (HEMTs)[4–6] have been successfully com-
mercialized because the two-dimensional electron gas (2DEG)
causes low on-resistance and low loss, but it is difficult to ob-
tain a breakdown voltage (BV) higher than 1.2 kV. Vertical
GaN devices could improve BV by increasing the thickness
of the vertical drift region without increasing the chip area,
and thus an improved power density and a reduced power
loss can be achieved. Moreover, the peak electric field (E-
field) of a vertical GaN device is far from the surface, and is
less affected by traps or defects in the surface, thus achieving
better reliability. Several vertical GaN devices have been re-
ported, such as the current aperture vertical electronic transis-
tor (CAVET),[7–9] the metal–oxide–semiconductor field-effect
transistor (MOSFET) with a trench gate[10–12] and GaN verti-
cal fin transistors.[13–15]

In practical power electronics applications, a freewheel-
ing diode (FWD) is necessary to provide a reverse current flow
path.[16] The inherent p–i–n diode in a vertical GaN MOSFET
as a FWD has a high turn-on voltage (typically VF ≈ 3 V),[17]

and its bipolar effect also degrades the reverse conduction per-
formance. Generally, a Schottky barrier diode (SBD) anti-

paralleled externally with a conventional MOSFET[18] can ad-
dress the issue, but it increases the area and introduces ex-
tra parasitic inductance and capacitance, leading to increased
power loss. To solve the above problems, vertical GaN transis-
tors with an integrated unipolar diode are a better choice.[19,20]

However, there are few reports on the related structures.
In this paper, a novel vertical GaN MOSFET with an inte-

grated channel diode (CD-FET) is proposed to improve the re-
verse conduction performance, maintaining high performance
in the on-state, blocking state and switching state. The reverse
turn-on voltage (VF) of the proposed device is significantly re-
duced compared with that of a conventional MOSFET with
an inherent body diode as a FWD. In addition, the integrated
channel diode (CD) does not add an extra parasitic parameter.

2. Device structure and mechanism
Figure 1(a) shows a schematic section of the proposed

CD-FET. Its main feature is the integrated CD under the trench
source to realize reverse conduction. The vertical extended
side of the trench source contacts with N-drift as the anode of
the CD, and the other surface side is embedded in the P-base
to avoid latch-up. Both the P-type barrier layer (PBL) and the
P-shield layer are shorted with the source. The body diode
(BD) acts as a FWD in a conventional MOSFET, as marked in
Fig. 1(b).
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The tCH is the channel thickness of the CD and WJEFT

is the distance between the PBL and the P-shield layer. The
thickness of the AlGaN, PBL and P-shield layers is 80 nm,
800 nm and 800 nm, respectively. The thickness of the N-
drift and P-base for the CD-FET and conventional MOSFET
is 10 µm and 400 nm, respectively. Simulations have been
carried out in Sentaurus TCAD,[21] and physics models are
used to make the simulation accurate, for example, the dop-
ing dependence model, the Auger model, the Shockley–Read–
Hall recombination model, the high-field saturation model,
the piezoelectric polarization (strain) model and the avalanche
(van Overstraeten) model. The effective electron mobility in
the GaN N-drift region is set as 900 cm2·V−1·s−1 [22] and the
effective electron mobility on the sidewalls of the gate is set as
50 cm2·V−1·s−1, owing to the etch damage.[22]

Figure 2(a) illustrates the states of the CD-FET and
CD. The trench source metal/Al2O3/GaN forms the metal–
insulator–semiconductor (MIS) structure. Owing to the work
function difference between the metal and GaN in the MIS, de-
pletion region-1 (DR1) is formed. Depletion region-2 (DR2) is
formed by the PN junction composed of the N-drift region and

the PBL. At VDS > 0 and VGS >VTH, the CD-FET is in the for-
ward conduction state, and DR1 and DR2 overlap to pinch-off
the CD channel. In this case, the forward current flows via the
inversion layer along the sidewall of the gate, as denoted by the
red arrow in Fig. 2(b). In the reverse conduction state, when
|VDS| > VF, the depletion region narrows and the CD turns on
in Fig. 2(a). Thus, the CD provides a reverse current path as
denoted in Fig. 2(c). It is worth noting that VF of the CD is
much smaller than that of the body diode, because the on-state
voltage of the PN junction is high for a wideband semiconduc-
tor. Figure 2(d) shows that the P-shield layer in the CD-FET
alleviates E-field crowding at the corner of gate (O) in the off-
state, compared with the conventional MOSFET. Moreover,
the PBL and P-shield layer modulate the E-field distribution
in the drift region, and the electric field between the PBL and
P-shield weakens these so as to further improve BV. Further-
more, the P-shield layer also effectively transforms part of CGD

into CGS, as shown is Fig. 2(e), which effectively reduces the
switching loss of the device. The 2DEG in the AlGaN/N-drift
GaN interface acts as a current distribution layer to decrease
the on-resistance.
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3. Results and discussion

Figure 3(a) shows the electron concentration contour of
the CD region at different VDS. At VDS = 0 and −1 V, the de-
pletion regions are merged and the CD is in the off-state as
illustrated by I and II in Fig. 3(a). The electron concentra-
tion in the CD channel is much less than the N-drift doping,
Nd, of 1× 1016 cm−3 as shown in Fig. 3(b). The depletion
regions narrow with decreasing VDS, and the current path is
turned on as shown in III in Fig. 3(a), with the highest electron
concentration in the CD up to Nd. VF is defined as the |VDS| at
IDS = −100 A·cm−2, so VF = 1.65 V. It is worth mentioning
that the CD channel is pinched off at CD-FET forward con-
duction (VDS > 0), as shown by IV in Fig. 3(a). Figure 3(c)

shows the extracted conduction band energy curves along the
CD lateral channel. The barrier height (qϕB) along the CD
channel increases with increasing VDS, which is affected by
the depletion effect. When VDS > −1.65 V, the barrier pre-
vents electrons from flowing toward the anode of the CD. At
VDS = −1.65 V, the electronic barrier disappears and the CD
turns on.

Figure 4 shows the reverse conduction characteristic and
the corresponding equivalent circuits for the CD-FET and
conventional MOSFET. The non-junction CD as a FWD in
the CD-FET turns on prior to the body diode, as shown in
Fig. 4(b), achieving a very low VF. Therefore, VF of the CD-
FET is significantly reduced to 1.65 V from 3.24 V in the con-
ventional MOSFET with a body diode as the FWD.
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Figure 5 shows the gate charge characteristics of the
two devices. The gate charge (QGD) of the CD-FET is
519 nC·cm−2, which is far less than the 1160 nC·cm−2 of
the conventional MOSFET. The reason is that the overlap area
between the gate and drain is reduced by the P-shield layer
(shorted to the source), and thus part of the CGD transforms to
the CGS, leading to a reduced QGD for the CD-FET. QGD will
determine the switching loss.

Figure 6(a) shows the test circuit for simulation of the
switching characteristic. The load inductance and load cur-
rent used in the simulation are 10 nH and 100 A·cm−2, re-
spectively. Figures 6(b) and 6(c) show the turn-on waveforms
at RG = 5 Ω and turn-off waveforms under different RG val-
ues, respectively. Owing to the ultralow QGD for the CD-
FET, much higher dV/dt values are obtained during switch-
ing. Therefore, the CD-FET contributes to a reduction in
turn-on loss (Eon) and turn-off loss (Eoff) of 82% and 78%,
respectively, compared with those of a conventional MOS-
FET. Meanwhile, the current and voltage oscillations decrease
while the switching time increases with increasing RG. Fig-

ures 6(d) and 6(e) show the dependence of switching loss
(Eswitch = Eon +Eoff) on RG, respectively. Compared with a
conventional MOSFET, the CD-FET exhibits a low switching
loss under different RG values, and reduces the switching loss
by 80% at RG = 5 Ω. As RG increases, the difference in the
switching loss between the two devices increases.
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Figures 7(a) and 7(b) compare the E-field distribution of
the two devices at breakdown. The breakdown criterion is de-
fined as when Id reaches 0.1 A·cm−2.[23,24] For the CD-FET,
the P-shield layer and PBL introduce new E-field peaks (at
P1 and P2) and enhance the E-field strength in the drift re-
gion. Meanwhile, the P-shield layer alleviates E-field crowd-
ing at the bottom corner of the gate (O), leading to a reduced
E-field at the gate corner, with EO = 1.28 MV·cm−1 even at

VDS = 1446 V, as illustrated in Fig. 7(b). For the conventional
MOSFET, E-field crowding results in EO = 3.49 MV·cm−1,
and premature breakdown occurs at BV = 833 V in Fig. 7(c).
Table 1 summarizes the comprehensive performances of the
two devices. Compared with the conventional MOSFET, the
CD-FET exhibits high performance, including a high value for
Baliga’s figure of merit (FOM=BV2/Ron,sp), low VF, high BV
and ultralow QGD and switching loss.
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Table 1. Performance comparison of the two devices.

VF (V) BV (V)
Ron,sp

(mΩ/cm
2
)

CD-FET 1.65 1446 0.85

Con. MOSFET 3.24 833 0.64

FOM 
(MW/mm²)

2.47

1.08

QGD

(nC/cm²)

519

1160

Eswitch

(mJ/cm²)

4.53

23.09
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Figures 8(a) and 8(b) show the influence of tCH on the re-
verse conduction characteristics. The increase in tCH weakens
the pinch-off effect, and thus qϕB and VF decrease. Unfor-
tunately, the leakage current in the CD channel is increased,
and thus BV decreases, as shown in Fig. 8(c). The device
with tCH ≤ 500 nm has a high BV which is less sensitive
to change in tCH because of the strong pinch-off effect. For

tCH = 600 nm, the CD channel fails to be pinched-off and the
excessive leakage current leads to premature breakdown at 6 V
with Id = 0.1 A·cm−2. It is worth mentioning that Ron,sp is in-
sensitive to the change in tCH because the forward current of
the CD-FET does not flow through the CD channel.

Figure 9 demonstrates the influences of NP and WJFET on
Ron,sp, BV and VF for the CD-FET. With increasing NP, the
E-fields of P1 and P2 increase (see Figs. 7(b) and 7(c)), and
the leakage current decreases owing to the enhancement of the
pinch-off effect by the PBL, and thus BV increases. However,
when NP > 5×1017 cm−3, the high E-field of P2 causes pre-
mature breakdown, and BV decreases as NP increases. Ron,sp

hardly changes because the variation of NP has little influence
on the long current path in the drift region. VF is constant
because the pinch-off effect is strong enough and the CD is
always in the off-state when NP ≥ 1× 1017 cm−3. The open-
ing of the CD mainly depends on DR1 narrowing, as shown
in Fig. 3(a). With decreasing WJFET, the depletion effect for
the junction field-effect transistor region is enhanced, the leak-
age current decreases in the off-state and thus BV increases.
Meanwhile, the current path is narrowed in the on-state, lead-
ing to an increase in Ron,sp. The opening of the CD channel is
limited by the narrower tCH, so VF is constant.
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Fig. 9. Influences of WJFET and NP on BV and Ron,sp.

4. Conclusion
A vertical GaN FET with an integrated self-adapted CD

is proposed to realize reverse conduction with a lower VF. At
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forward conduction of the CD-FET, the CD is turned off with-
out affecting the on-state characteristic. At reverse conduction,
the CD turns on prior to the body diode, achieving a low VF.
Meanwhile, the PBL and P-shield layer modulate the E-field
distribution to realize a high BV. The introduced P-shield also
results in a much lower QGD. Therefore, VF, QGD and Eswitch

of the CD-FET are decreased by 49%, 55% and 80%, respec-
tively, compared with the values for a conventional MOSFET.
In addition, the CD-FET is beneficial for reducing parasitic
inductance and the total chip area compared with the conven-
tional method of using an externally connected SBD.
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