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A novel normally-off AlIGaN/GaN high-electron-mobility transistor (HEMT) with a p-GaN Schottky hybrid gate
(PSHG) is proposed, and compared with the conventional p-GaN normally-off AlIGaN/GaN HEMTs. This structure can be
realized by selective etching of p-GaN layer, which enables the Schottky junction and PN junction to control the channel
charge at the same time. The direct current (DC) and switching characteristics of the PSHG HEMTs are simulated by
Slivaco TCAD, and the p-GaN HEMTs and conventional normally-on HEMTs are also simulated for comparison. The sim-
ulation results show that the PSHG HEMTs have a higher current density and a lower on-resistance than p-GaN HEMTs,
which is more obvious with the decrease of p-GaN ratios of the PSHG HEMTs. The breakdown voltage and threshold
voltage of the PSHG HEMTs are very close to those of the p-GaN HEMTs. In addition, the PSHG HEMTSs have a higher
switching speed than the conventional normally-on HEMTsS, and the p-GaN layer ratio has no obvious effect on the switch-

ing speed.

Keywords: normally-off high-electron-mobility transistor, AlGaN/GaN, p-GaN
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1. Introduction

AlGaN/GaN-based HEMTs play an increasingly impor-
tant role in the field of microwave power due to its high
breakdown voltage, high electron concentration and high
electron mobility.['3! Conventional AIGaN/GaN HEMTs are
normally-on devices and perform well in the low-voltage and
high frequency applications. However, normally-off devices
are required to guarantee a safe operation and a simple gate
drive configuration in power switching applications. In order
to realize the normally-off devices, researchers have adopted
many methods, such as fluorine plasma treatment, ! recessed
gate metal insulator semiconductor (MIS),! nano channel, 6!
and p-GaN cap layer.[”) Among these methods, the devices
with p-GaN cap layer are widely used in power supply, wire-
less charging and other fields, due to its stable threshold volt-
age and high repeatability of fabrication process.>-'% How-
ever, compared with other normally-off devices, the p-GaN
HEMTs have lower current density, lower peak transconduc-
tance and weaker gate control ability. Hu et al. achieved
normally-off HEMT by inserting p-type GaN layer between
gate and barrier layer through selective growth method, but
the threshold voltage was less than 41 V and the on-state sat-
uration current was only 40 mA/mm."" Chiu et al. used AIN
etch stop layer and a novel digital etch procedure in the epitax-
ial layer design to obtain a p-GaN normally-off device with a
threshold voltage of +1.7 V and on-state saturation current of
280 mA/mm, but it has a high on-resistance of 16.1 Q-mm. (2]
Uemoto and others have grown p-AlGaN layer on AlGaN
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barrier layer. By etching the p-AlGaN layer between gate
source and gate drain, the threshold voltage of the device is
up to +1 V, and the saturation output current density is about
200 mA/mm.[3] It can be seen that the current density of p-
GaN HEMTs is much lower than that of other normally-off
devices.

In this paper, based on p-GaN normally-off AlIGaN/GaN
HEMTsS, we propose a novel normally-off AlGaN/GaN HEMT
which features in p-GaN Schottky hybrid gate (PSHG) with
The DC characteristics, the
breakdown characteristics and the switching characteristics of
PSHG HEMTs are simulated by Slivaco TCAD, and compared
with the p-GaN HEMTs and conventional HMETS, respec-
tively.

a simple fabrication process.

2. Device structure and simulation models

The device structures of the p-GaN HEMTs and the
PSHG HEMTs are shown in Figs. 1(a) and 1(b), respectively.
The epitaxial structure consists of a 60 nm-thick p-GaN cap
layer, a 20 nm-thick AlGaN barrier layer with a 15% Al con-
tent, and a 2 um-thick GaN buffer layer. The gate length, gate-
to-source distance and gate-to-drain distance of the device are
1 um, 0.5 pm and 7 um, respectively. The fabricating process
of PSHG HEMTs is so simple that it does not need to add new
process steps. When the p-GaN layer between the gate source
and the gate drain is etched, the p-GaN layer below the gate
can be selectively etched. Then the gate metal is deposited,
so that some gate metals are in direct contact with the AlGaN
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layer to form Schottky junction. In this way, both the PN junc-
tion and Schottky junction control the channel electrons.

Source lDrain Source| Drain
AlGaN AlGaN
GaN GaN
Substrate Substrate

(a) (b)

Fig. 1. Schematic device structures of the (a) p-GaN HEMTs and (b) PSHG
HEMTs.
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Fig. 2. Simulation device models of (a) p-GaN HEMTs, (b) 80% PSHG HEMTs, (c) 20% PSHG HEMTs and (d) conventional HEMTs.

In the simulation here, the Auger model, the concentra-
tion dependent Shockley—Read—Hall model, the parallel elec-
tric field dependence model, the polarization model and the
Selberherr’s impact ionization model are used. Throughout the
simulation, a fixed temperature of 7 = 300 K was assumed be-
cause the self-heating effect was not a matter of concern in the
work. Meanwhile, the contact between gate metal and p-GaN
and the contact between the gate metal and p-GaN sidewall are
defined as ohmic contacts. The simulation results of p-GaN
HEMTsS are compared with the experimental results of the de-
vices with the same structural parameters, as shown in Fig. 3.
Furthermore, the focus of this paper is on the proposed novel
structure concept of PSHG HEMTs based on the conventional
p-GaN HEMT structure. The comparative simulation study
and the related physical mechanism between the PSHG HEMT
and the p-GaN HEMT is sufficiently investigated, which is a
big light for the following high current density normally off
GaN HEMT fabrication. The model of the PSHG HEMT is
established on the basis of the experimentally verified p-GaN
HEMT model. Because the p-GaN HEMT inevitably encoun-
ters the etching damage, defects and other external problems
during the fabrication process. The simulation transfer curve
is the same trend but not completely coincident with the ac-
tual device transfer curves. However, the experimental results
fit well with the simulation results in terms of key device pa-

The simulations are carried out by using Silvaco TCAD
software. Figure 2 shows the structures of the p-GaN HEMTs,
the PSHG HEMTs and the conventional normally-on HEMTs.
Among these structures, the p-GaN layer ratios of two PSHG
HEMTs are 80% and 20%, respectively, as shown in Figs. 2(b)
and 2(c). The p-GaN HEMTs and the conventional HEMTs
without the p-GaN layer are shown in Figs. 2(a) and 2(d). The
hole concentration and mobility of the p-GaN layer are set to
be 1 x 10" cm=3 and 10 cm?/V -s.

Ga
%lonductor

rameters such as threshold voltage, current density, and peak
transconductance, which indicates the proposed model of the
p-GaN HEMT is accurate. Therefore, the model parameters
of p-GaN HEMT can be used for the parameters of the PSHG
HEMT model.
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Fig. 3. Comparison of transfer characteristics between simulation device

and actual device.

3. Results and discussion

The transfer characteristics of the p-GaN HEMTs, the
80% PSHG HEMTsSs, the 20% PSHG HEMTSs and the con-
ventional normally-on HEMTs at Vps = 10 V are shown in
Fig. 4(a). It can be seen that the threshold voltage of the p-
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GaN HEMTs is the same as that of the PSHG HEMTs with
80% and 20% p-GaN, both of which are +1.0 V. The maxi-
mum Ipg of the 20% PSHG HEMTs is 315 mA/mm, while that
of the p-GaN HEMTs is only 217 mA/mm. The peak transcon-
ductance of the p-GaN HEMTs increases from 103 mS/mm to
122 mS/mm of the 20% PSHG HEMTs, which is very close to
130 mS/mm of the conventional normally-on HEMTs with-
out the p-GaN layer. This shows that the p-GaN Schottky
hybrid gate can increase the on-state current density and im-
prove the ability of gate to control the channel without chang-
ing the Vry when compared with the p-GaN HEMTs. Mean-
while, the smaller the p-GaN layer ratio is, the more obvi-

ous the improvement is. Figure 4(b) shows the simulation

results of the output characteristics of these four devices at
Vgs = Vru + 3 V, the on-resistance of the p-GaN HEMTs, the
80% PSHG HEMTsSs, the 20% PSHG HEMTSs and the con-
ventional HEMTs are 12.7 Q-mm, 12.0 Q-mm, 11.2 Q-mm
and 9.0 Q-mm, respectively. It shows that the on resistance
of the devices can be effectively reduced by decreasing the p-
GaN layer ratios. The transfer characteristics curves of four
HEMTSs under semi-logarithmic coordinates system as shown
in Fig. 4(c). It can be seen from the figure that the off-state
currents of the four HEMTs are basically maintained at the or-
der of 1071 mA/mm due to the potential etching damage is

not considered.

700 — ..l.p.-GaN HEMT (a) 200 500 P-GaN HEMT (b)_ 102 o (’C)'l
B 2 = w |
—_—e- 20% PSHG HEMT —~ — 20% PS V
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Fig. 4. The DC characteristics of conventional p-GaN HEMTs, 80% PSHG HEMTs, 20% PSHG HEMTs and conventional HEMTs. (a) Transfer curves.
(b) Output curves. (c) Transfer curves under semi-logarithmic coordinates system.

The increase of on-state current density by using the p-
GaN Schottky hybrid gate probably results from the existence
of Schottky barrier, which increases the channel electron con-
centration. Figures 5(a) and 5(b) show the band diagram of the
Schottky junction and the PN junction, respectively.

Fig. 5. The band diagram of (a) Schottky junction and (b) PN junction.

Due to the stronger depletion effect of PN junction, the
channel electron concentration is lower at the same gate volt-
age, so the current density of the conventional HEMTs with-
out the p-GaN layer is higher than that of the p-GaN HEMTs.
Similarly, due to the existence of both Schottky contact and
PN junction, the current density of the PSHG HEMTs is larger
than p-GaN HEMTs, and the larger the proportion of p-GaN

U4] I addition, due to

layer is, the lower the current density is.
the existence of Schottky gate, the distance between gate and
channel is reduced, which can effectively modulate channel

electrons. Therefore, with effective adjustment of the Schot-

tky gate area, the gate control ability is improved, and the peak
transconductance increases.!!!

In order to explore the mechanism of the threshold volt-
age characteristics, the channel electron concentration distri-
bution of the p-GaN HEMTs, the 20% PSHG HEMTsS and the
conventional HEMTs under zero bias condition were plotted,
as shown in the Fig. 6. It can be seen that due to the exis-
tence of p-GaN layer, the channel electron concentration be-
low the p-GaN layer is almost depleted, which indicate that the
threshold voltage of the PSHG HEMTSs seems to have nothing
to do with the p-GaN ratio. However, when the p-GaN ratio
has been continuously reduced, and the PSHG HEMTs with
16%, 12%, 8%, 4% and 2% of p-GaN ratio are simulated, re-
spectively. The transfer characteristics curves are shown in
Fig. 7(a), and the variation curve of threshold voltage with dif-
ferent p-GaN ratio is shown in Fig. 7(b).

It can be seen from the figure that when the p-GaN ratio
is lower than 20%, the threshold voltage of the PSHG HEMTs
can be negatively shifted, indicating that the depletion effect
of the p-GaN layer begins to weaken. Meanwhile, when the
p-GaN ratio reaches about 2%, the threshold voltage of PSHG
HEMTs is exactly 0, which means that when the p-GaN ratio
is less than 2%, p-GaN layer can no longer deplete the chan-
nel electrons, and the PSHG HEMTs will become a depletion
device.

068501-3
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l“

Electron Con(cm)

|

|

Fig. 6. The channel electron concentration distribution under zero bias condition of (a) p-GaN HEMTs, (b) 20% PSHG HEMTs, (c) 80% PSHG

HEMTs, and (d) conventional HEMTs.
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Fig. 7. (a) The transfer characteristics curves of PSHG HEMTs with dif-
ferent p-GaN ratio. (b) The threshold voltage plots as a function of p-GaN
ratio.

Figure 8 shows the comparison of the breakdown char-
acteristics of the p-GaN HEMTs, 80% PSHG HEMTs, 20%
PSHG HEMTs and the conventional HEMTs. The breakdown
voltage of the devices is defined as the drain voltage when
drain current is up to 1 pA/mm at Vgs = Vrg — 1 V. The break-
down voltage of the conventional HEMTs is 540 V, while those
of the p-GaN HEMTs and the PSHG HEMTs are 620 V. It is
obvious that the pGaN layer can improve the breakdown volt-
age of AlGaN/GaN HEMT, but the reduction of p-GaN layer

ratio has little effect on the reverse blocking capability of the

device.
1072 & T T T
P-GaN HEMT
80% PSHG HEMT
1073 | 20% PSHG HEMT |

Conventional HEMT

Ing (mA/mm)
=
<

—
=)
|
o
T
1

—_
o
|

=

400 600

Vs (V)

Fig. 8. The breakdown voltage curves of p-GaN HEMTs, 20% PSHG
HEMTSs, 80% PSHG HEMTs, and conventional HEMTs.

The switching characteristics of the devices are simulated
to make a further comparison. The capacitance—voltage (C—
V) curves of these four devices are showed in Fig. 9. The
three inter-electrode capacitances Cys, Cgq, and Cys Were sim-
ulated, respectively, and then converted into the input capaci-
tance Cjgs and the output capacitance Cygs by using the follow-
ing equations: (16!

Ciss = Cgs + nga
Coss = ng + Cs-

ey
@

Here, Vps was set from 0 V to 200 V and all C-V simulations
were conducted under Vgs = 0 V and simulation frequency
fo =1 MHz.I'”! As shown in Fig. 9, the gate capacitance of p-
GaN HEMTs is lower than that of conventional HEMTS, be-
cause the p-GaN HEMTs is a series connection of Schottky
barrier capacitance and PN junction capacitance. In addition,
it is found that the gate capacitance of p-GaN HEMTS is very
close to PSHG HEMTs, indicating that the p-GaN layer ratio
can not strongly influence the switching characteristics.
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Fig. 9. Simulated C-V characteristics results of conventional p-GaN
HEMTs, 20% PSHG HEMTs, 80% PSHG HEMTs and conventional
HEMTs (a) Ciss and (b) Cogs.
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Fig. 10. Simulated switching characteristics results of conventional p-
GaN HEMTs, 20% PSHG HEMTs, 80% PSHG HEMTs and conventional
HEMTs. The circuit of mix-mode simulation (inset).

In order to show the switching speed of the device
more intuitively, mix-mode simulation is used to compare
the switching characteristics of the four devices, as shown in
Fig. 10. R, R, and Vpp are set to be 100 Q, 1000 Q and 10 V
in the circuit, respectively. It is obvious that the switching
speed of devices with p-GaN layer is faster than that of con-
ventional HEMTs. The p-GaN HEMTs and PSHG HEMTs
almost have the same switching speed. These results are con-
sistent with the simulation results of C—V characteristics.

4. Conclusion and perspectives

As a conclusion, a novel normally-off PSHG HEMT
based on p-GaN HEMTs was proposed. Furthermore, the
transfer characteristics, output characteristics, breakdown
characteristics and switching characteristics of the devices
were analyzed in detail by using Slivaco TCAD simulation

software. The results show that with the decrease of p-

GaN layer ratio, the on-state current density and transcon-
ductance of PSHG HEMTs increased, while the on-resistance
decreased. The PSHG HEMTs with 20% p-GaN layer ra-
tio show the best characteristics with the current density of
315 mA/mm and the peak transconductance of 122 mS/mm,
respectively, which were 45% and 18% larger than that of the
p-GaN HEMTs, respectively. In addition, the on resistance
of PSHG HEMTs with 20% p-GaN layer ratio was reduced
by 1.5 mQ-mm compared with p-GaN HEMTs, showing bet-
ter forward characteristics. The threshold voltage and break-
down voltage of PSHG HEMTs with different p-GaN ratios
were 1.0 V and 620 V, respectively, which are close to p-GaN
HEMTs. In addition, PSHG HEMTs have higher switching
speed than conventional normally-on HEMTs, and the p-GaN
layer ratio had little effect on the switching speed of PSHG
HEMTs.
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