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ABSTRACT In this study, p-GaN HEMTs with an indium-tin-oxide (ITO) electrode fabricated on the two
different Mg concentration, i.e., 1×1019 cm−3 and 8×1019 cm−3,in p-GaN layer are investigated for the
first time under the forward gate bias to understand the stability of the forward gate bias breakdown and
VTH shift stability. First of all, a Mg concentration in p-GaN layer results in a better Ohmic characteristic
between the ITO and p-GaN contact. Furthermore, the fabricated device with a high Mg concentration of
p-GaN layer shows a better forward gate breakdown voltage, which can be attributed to the better Ohmic
characteristic between p-GaN and ITO electrode. Last, an obvious negative VTH shift is observed, which
is most probably related to the hole injections/trapping effects. In sum, the gate breakdown characteristic
in p-GaN HEMTs with ITO electrode can be further improved while using high Mg concentration of
p-GaN layer while an obvious a negative VTH shift under a forward gate bias is observed, indicating
a trade-off between the gate breakdown voltage and VTH instability needs to be carefully considered to
optimize the forward gate bias stability in p-GaN HEMTs with an ITO electrode.

INDEX TERMS GaN, high electron mobility transistor (HEMT), indium–tin–oxide gate electrode, PBTI.

I. INTRODUCTION
In recent years, p-GaN gate HEMTs show the promising
performance and stability, which makes it one of the viable
options for E-mode devices [1]–[3]. Regarding to the p-GaN
gate, the gate contact on top of the p-GaN gate is one of
the critical issues [4], [5]. In general, two different gate
contacts on p-GaN gate are used, i.e., Schottky and Ohmic
gate contact.
Compared to the Schottky contacts using TiN, Ni, or W

electrode have been widely used and reported [5]–[8], the
study on the Ohmic gate contacts are limited. So far, the
Ohmic contact on top of the p-GaN is mainly formed by
annealed Ni/Au, Pd, and other metallizations [9], [10]. In
contrast with Schottky gate contact to a p-GaN gate HEMTs

where a high electrical field appears in the metal/p-GaN
junction depletion region under the forward gate bias, this
high electric field will be absent in the ohmic gate con-
tact approach, which is excepted to show improved gate
reliability [11]–[13]. On the other hand, the ITO, which is
well-known in using as the transparent conducting layer on
p-GaN in LED fabrication [14], has been used to form an
ohmic contact on top of the p-GaN [15], [16]. Therefore,
ITO can be an alternative for the gate electrode in p-GaN
gate HEMTs.
Recently, we have demonstrated the p-GaN/AlGaN/GaN

HEMTs with an ITO gate electrode [17], showing a promis-
ing characteristic for power switching applications. However,
the details of gate robustness, including the gate breakdown
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and positive bias temperature instability (PBTI) are still
lacking for p-GaN HEMTs with an ITO gate electrode.
Furthermore, the impacts of Mg concentration on the
ITO/p-GaN contact and the device electrical characteristics
are unknown. In this study, the p-GaN HEMTs with an
ITO gate fabricated on two different epi structures, based
on the conventional p-GaN/AlGaN/GaN HEMT structures.
The major difference between these two epi structures is
the surface Mg doping concentration of the p-GaN layer
(Epi A: 1 × 1019 cm−3 and Epi B: 8 × 1019 cm−3) that
would affect the Ohmic contact characteristics of the ITO/p-
GaN layer. Furthermore, the stability of p-GaN HEMTs with
ITO gate electrode using two different Mg doping p-GaN
layer is investigated under different forward gate bias.

II. DEVICE STRUCTURE AND EXPERIMENT DETAILS
Two epitaxies consisted of p-GaN/AlGaN/GaN HEMT struc-
tures were used in this study (named Epi A and Epi B). The
epitaxies were grown on a 6-inch silicon substrate in a metal-
organic chemical vapor deposition (MOCVD) system. From
bottom to top, a 4.5 − μm buffer and unintentionally doped
GaN channel layer, a 12-nm Al0.24 Ga0.76 N barrier layer,
and an 80-nm p-GaN layer. The Mg doping concentration
of the p-GaN layer on Epi A is about 1 × 1019 cm−3, while
on Epi B is 8 × 1019 cm−3.
After cleaning with a solvent, the definition of alignment

marks was made via a chlorine-based dry etching process.
After that, device isolation was formed via oxygen implan-
tation. The depth of implantation around 300 nm which was
based on SRIM simulation. Next, UV-ozone was used as
a surface treatment for the p-GaN layer and then the sample
was immersed in HCl : H2 O (1:1) and BOE to clean the
surface. A layer of 225-nm ITO was immediately deposited
via the e-beam evaporator at a base pressure of 10−5 torr
at 300o C. Subsequently, a selective etch by chlorine-based
ICP-RIE was performed until the AlGaN layer. Source and
drain ohmic metal were formed by thermal evaporation of
Ti/Al/Ti/Au (25/ 125/ 45/ 55 nm) followed by a rapid thermal
annealing at 850oC for 30 seconds in a nitrogen ambient.
The annealing process of contact of ITO/p-GaN, source elec-
trode, and drain electrode completed simultaneously. Finally,
a 30-nm Al2 O3 was used as the passivation layer.

The gate width (Wg) and the gate length (Lg) for the
devices used in this study were 110 μm and 3 μm, respec-
tively, with Lgs = 5μm and Lgd = 15μm. Fig. 1 is an
illustration of the cross-section view for the p-GaN HEMTs
with the ITO gate electrode.

III. RESULTS AND DISCUSION
The typical specific contact resistance of the ITO/p-GaN
layer fabricated on Epi A and Epi B from TLM structure are
3.37 × 100�-cm2 and 1.67 × 10−1�-cm2, respectively, indi-
cating that the device fabricated on Epi B has a low contact
resistance, which is consistent with the p-GaN/AlGaN/GaN
gate-to-source diode characteristics, as shown in Fig. 2. The
current of diode fabricated on Epi B is much higher than

FIGURE 1. Schematic of the p-GaN/AlGaN/GaN HEMT with ITO gate
electrode fabricated on two epi structures.

FIGURE 2. I-V comparison of the gate-to-source diodes of ITO p-GaN
HEMT fabricated on (a) Epi A and (b) Epi B. The inset shows the TLM
results of ITO/p-GaN contact on two cases.

Epi A (Fig. 2). These results indicate that a higher Mg dop-
ing concentration can lead to a low resistance between the
ITO/p-GaN contact.
The typical ID-VG and transconductance characteristics

comparison were shown in Fig. 3. The maximum drain cur-
rents are 162 mA/mm and 248 mA/mm, while the threshold
voltage extracted at ID = 1mA/mm are 1.5 V and 1.2 V
for the devices fabricated on Epi A and Epi B, respectively.
A clear second gm peak is observed for the device fabricated
on Epi B, which is attributed to the hole injection, consistent
with the reported literature for the p-GaN HEMTs with an
ohmic contact [10]. In contrast, the gm of device fabricated
on Epi A is similar to the conventional p-GaN HEMTs by
using the Schottky metals [8]. Fig. 4 shows the ID-VD curves
of the ITO p-GaN gate HEMT fabricated on two epi struc-
tures. The maximum drain current and specific ON-resistance
(Ron·A) for the two cases at VG = 6 V are 210 mA/mm,
7.89 m�-cm2 and 265 mA/mm, 6.4 m�-cm2, respectively.
The drain current of the device fabricated on Epi B is larger
than Epi A, which may attribute to the higher level of hole
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FIGURE 3. Comparison of ID-VG and transconductance of the fabricated
ITO p-GaN HEMT on (a) Epi A and (b) Epi B.

FIGURE 4. Comparison of ID-VD characteristics of the fabricated ITO
p-GaN HEMT on (a) Epi A and (b) Epi B.

injection at the gate, induce conductivity modulation, and
increasing the drain current [10].
The robustness of the ITO/p-GaN gate under the for-

ward gate bias is evaluated by measure–sweep–measure
sequence, where the procedure details are described in [17].
Fig. 5 shows the IG-VG monitored after each gate forward
bias sweep and the summary of eight devices for each case.
The result shows that the gate breakdown of the device fab-
ricated on Epi B is much better than the device fabricated
on Epi A, which indicated the Ohmic-like ITO/p-GaN con-
tact has better gate robustness, consistent with the reported
literature [11]–[13].
A measure-stress-measure technique was performed [18]

to evaluate the VTH instability of the devices under several
gate biases as well. Fig. 6 shows the results in the fabri-
cated devices on two epi structures. When the gate bias of
VG = 3 V, 4 V, and 5 V applied on the ITO p-GaN HEMT
fabricated on Epi A, there is only less than 0.1 V of VTH
shift during the gate voltage stress, as shown in Fig. 6 (a).

FIGURE 5. IG-VG curves monitored after each gate forward bias sweep of
ITO p-GaN HEMT fabricated on (a) Epi A and (b) Epi B, and (c) shows the
gate breakdown comparison results for two cases.

FIGURE 6. Delta VT H versus stress time under several gate biases with the
ITO p-GaN HEMT fabricated on (a) Epi A and (b) Epi B. Three devices were
measured for each case and only used fresh devices.

However, in Fig. 6 (b), there is clear negative VTH shift
when gate bias VG = 5 V applied on the devices fabricated
on Epi B. Based on the aforementioned results, the p-GaN
HEMT with in the Epi B, which has a higher Mg concen-
tration, can have a hole injection phenomenon, which may
induce the hole trapping at the p-GaN/AlGaN interface or
at the AlGaN under the gate. Such hole trapping can lead to
the increase of 2DEG density, further causing the negative
VTH shift during the gate stress.
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IV. CONCLUSION
In this study, the forward gate bias breakdown and VTH
instability in p-GaN HEMTs with ITO gate electrodes on two
different epi structures are investigated for the first time. First
of all, the p-GaN HEMTs with a high Mg doping concentra-
tion shows a better Ohmic characteristic between ITO/p-GaN
contact. The corresponding p-GaN HEMTs show a clear sec-
ond peak of transconductance, which is related to the hole
injection under the gate. Furthermore, the device with a better
Ohmic characteristic between ITO/p-GaN shows a high break-
down voltage, which is most probably related to the absent of
the electric field between gate metal/p-GaN. Furthermore, the
VTH stability is investigated in the device with two different
Mg concentration. The results indicate that the device with
a highMg concentration shows an obvious negative VTH shift,
which is related to the hole injections/trapping effects. In sum,
the gate stability in p-GaN HEMTs with ITO gate electrode
is investigated, showing that a high Mg concentration in p-
GaN layer can improve the gate breakdown characteristic
but induce the obvious VTH instability. Therefore, a trade-
off between gate breakdown voltage and VTH instability is
needed to take into account to further optimize the p-GaN
HEMTs with an ITO gate electrode.
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