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ABSTRACT In this work, we investigated the stability of a p-GaN gate with high electron mobility
transistors (HEMTs) including an internal integrated gate circuit. A circuit was designed to improve
p-GaN gate stability by using capacitance to release the hole into the p-GaN layer to mitigate the
threshold voltage shift. Through pulse I-V measurement and positive bias temperature instability (PBTI)
test, the carrier transporting behavior in the gate region achieved dynamic equilibrium at 5 V gate bias.
The positive gate shift (�VTH) of 0.4 V is observed with increasing voltage from 3 V to 8 V; �VTH
initially drops smoothly after release stresses by external capacitance discharge. Finally, integrated passive
components and p-GaN gate HEMT circuit are recommended to mitigate the VTH instability for E-mode
HEMT.

INDEX TERMS p-GaN HEMT, pulse I-V, positive bias temperature instability (PBTI), threshold voltage,
Stability, mechanism.

I. INTRODUCTION
Stability is one of the most critical characteristics needed
for the adoption of power devices in areas of growing
interest, such as the performance and lifetime of 5G base
stations, new energy vehicles, satellite communication, fast
charging source, and consumer electronics [1]. With the
continuous improvement in the power density and efficiency
of converters, wide bandgap semiconductor gallium nitride
(GaN), and related technologies show highly competitive
performance [2]. HEMTs have been widely studied since the
1990s due to their excellent electrical performance, including
high operating temperature, high breakdown voltage, high

electron mobility, wide band gap, high thermal conductivity,
strong resistance to irradiation and so on. As the scope of the
application continues to grow, extreme application conditions
lead to a series of stability issues [3], which will restrict
the application efficiency of GaN technology in high-power
switching devices, thereby losing its unique advantages [4],
[5]. It is therefore urgently necessary to analyse the stability
issues of GaN power devices in applications, including
cascode configuration, recessed gate structure, fluorine ion
treatment, ultrathin barrier (UTB), and the p-type cap layer.
Among them, the AlGaN/GaN HEMTs with p-GaN gate
have been commercialized successfully and simultaneously
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FIGURE 1. (a) Equivalent circuits of p-GaN HEMT/
Resistance/Capacitance/Zener diode. (b) HEMT X-ray.

demonstrate superior performance in practice. Previous work
investigated the VTH drift of p-GaN gate HEMTs with
different gate structures [6], [7], [8], [9], [10], and both
forward and negative VTH drift has been observed which
indicated different carrier injection and trapping behaviors
at variable gate stress bias. P-type Schottky contacts may
cause device degradation due to the presence of a high
electric field at the metal/p-GaN interface [11], [12], [13],
[14], [15]. The P-type gate also has ohmic contact [16]. In
this case, the gate leakage may be slightly higher, but the
absence of a depleted region (having a high peak field) at
the metal/p-GaN interface can significantly improve stability.
furthermore, there are still a few issues to resolve, such as
the p-GaN gate HEMT which is most extensively used, and
there was a discernible recovery from 1 to 10000 ms in the
recovery phase. Switching off too fast will cause oscillation
and burn the device. The instability of the working voltage
will cause a change in power consumption, affect efficiency
and increase the risk of failure.
In this work, a p-GaN gate HEMT circuit was used

to improve gate steady-state characteristics. The use of a
gate series capacitor alleviates the drastic changes in the
turn-off and solves the problem of device failure caused
by fast recovery. Resistance is used to limit current and
prevent gate overcurrent. Diodes are used to stabilize the gate
voltage and prevent breakdown. The VTH instability would be
investigated by pulse I-V measurement and PBTI tests. The
IDS-VGS pulse test, VTH shifting, and recovery process will
all be precisely probed which achieved dynamic equilibrium
at 5 V, and Slow recovery speed during the recovery
process. This paper examined the gate dependability of
p-GaN gate HEMTs at various voltages by temperature- and
time-dependent gate VTH instability (Section II). The gate
deterioration behavior mechanisms under various voltages
and temperatures are discussed in the discussion that follows
(Section III), followed by a conclusion (Section IV).

II. DEVICE STATIC AND DYNAMIC PERFORMANCE
The devices under test (DUTs) are 650 V/10 A p-GaN
gate HEMTs (Gannitride. China). The circuit composition is
plotted in Fig. 1(a), A p-GaN HEMTs, 10 � resistor, 47 nF
capacitance, and 6.5 V zener diode. The X-ray diagram of

FIGURE 2. (a) Transfer IDS-VGS linear characteristics of p-GaN gate HEMT.
(b) Transfer IDS-VGS semi-logarithmic characteristics of p-GaN gate HEMT.
(c) Transfer IDS-VGS characteristics of p-GaN gate HEMT in different drain
stress. (d) Characteristics of p-GaN gate HEMT DC IDS-VGS and Pulse
IDS-VGS at semi-logarithmic and linear scales. (e) The p-GaN gate HEMT’s
IG different rising slopes. (f) The p-GaN gate HEMT’s IG properties at
various temperatures.

DUT is shown in Fig. 1(b). The p-GaN gate HEMT device
circuits have been analyzed in detail. on-resistance (RON)

of 150 m� at VGS = 10 V, ID = 5 A, TJ = 25 ◦C,
Qg = 2.8 nC, Ciss = 80 pF, Coss = 50 pF, Crss = 1
pF. Series resistors can limit gate current, form RC circuits
with HEMT parasitic capacitors to reduce the frequency
response of the circuit, increase the circuit phase stability
margin, and prevent the breakdown of HEMTs due to fast
switching speed. The parallel Zener diode can eliminate the
voltage mutation between the drain and source, which can
be coupled to the gate through the interelectrode capacitance
and resulting in a spike voltage. When the gate voltage
exceeds the Zener diode reverse breakdown, the gate voltage
is stabilized at about 6.5V. The capacitance is connected in
parallel at the gate resistance to eliminate the noise coupled
to the p-GaN HEMT circuit, increasing the drop time when
the gate is turned off, and providing a delay to improve the
stability of the device [17], [18], [19].
As shown in Fig. 2(a), 0.1 V drain voltage was selected

to exclude trapping effects caused by drain side stress. Since
the voltage of 0.05 V may be too low and the curve will be
deformed, 0.05 V is excluded in Fig. 2(b). We have to test
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the VTH under different drain stress. The greater the drain
stress voltage, the greater the VTH, VDS = 0.1 V is selected
to exclude the influence of drain voltage on the threshold
voltage in Fig. 2(c). The static and dynamic transfer curve
characteristic was shown in Fig. 2(d), featuring both threshold
voltages (VTH) is 1.1 V defined at IDS = 4×10-2 mA with
VDS = 0.1 V. Fig. 2(e) shows the lg IGS–lg VGS in positive
VGS. By fitting with IGS ∝ VmGS, the lg IGS–lg VGS curve can
be divided into five sections (i.e., a, b, c, d e) with different
power-law exponent m, which indicates different conduction
mechanisms. The region a device is not turned on. The region
b device is on at low voltage, Once VGS > 1.2 V, IGS exhibits a
steep increase withm= 8.5. This saturation knee, at a gate bias
of 3 V, m > 2 is typical for space-charge-limited conduction
(SCLC) associated with trap filling [20]. Typically, due to the
AlGaN lay electron mobility being low, the injected electrons
are confined in traps leading to the generation of space charges
that impede the subsequent transport of electrons across the
AlGaN barrier [21]. By this means, the gate current will rise
slowly in regions c. Meanwhile, electrons are accumulating
in the 2DEG channel with increasing VGS, resulting in an
enhanced channel conductivity. When the positive gate bias
is greater than 4 V in region d, the effective hole injection
is triggered, which will result in a second rising slope of
IGS in the power law exponent m of 8.2. Subsequently, in
region e, Zener diode voltage stabilization is triggered, the
power-law exponent m decreases and current IGS gradually
tends to saturation. Fig. 1(f) illustrates the static temperature-
dependent IGS characterization gate current (IGS–VGS) through
the p-GaN gate HEMT, the gate leakage current is proportional
to temperature from 25 ◦C to 150 ◦C.

III. MEASUREMENT AND ANALYSIS
The pulsed curve (IDS–VGS) measure was set by the power
semiconductor parameter analyzer Keysight B1500A. The
waveforms of drain and gate bias for this test are illustrated
in Fig. 3(a). For the dynamic positive gate stress, apply a
continuous square wave pulse of 500 Hz at the gate terminal.
The stress time is 2 ms. The pulse duty cycle is 50% and the
measure delay time is 1 ms. Use the static transfer method
to determine VTH. Use the VGS_m measurement window of
0 ∼ 3 V to monitor different gate bias stresses (VG_str).
Fig. 3(b) reveals the pulsed I-V features of the DUT with
VG_str at 1 V steps from 0 to 12 V. The rising edge of transfer
curves are nearly parallel to each other, with VG_str increased
VTH of p-GaN gate HEMTs keeps shifting positively [see
Fig. 3(c)]. At 6 V it becomes saturated and stable. The PBTI
test is performed with a set of continuous on-state gate biases
and a set of pulsed I-V measurements [22]. Fig. 3(d) shows
the waveforms of the drain and gate voltages in the pulse
delivery test. Continuous stress square wave pulse of 1KHz at
the gate terminal. The stress time is 1 ms and the pulse duty
cycle is 50%. The measured voltage is pulse 0 – 3 V step
0.1 V, and a delay time is 1 ms. Fig. 3(e) shows �VTH vs.
Stress time and gate biases curves of PBTI tests. When VGS
increased from 3 V to 4 V, the slope of the time-dependent

FIGURE 3. (a) B1500A set pulse I-V measurement waveform program.
(b) The p-GaN gate HEMT pulsed transfer IDS-VGS characteristics under
various gate stress biases. (c) Extracted �VTH under various gate stress
biases. (d) Waveform procedures for the PBTI test. �VTH characteristics of
p-GaN gate HEMT circuit under PBTI test with various (e) stress time and
(f) gate stress biases.

�VTH curve increased. When VGS increased from 6 V to 8
V, the slope of the time-dependent �VTH curve decreased
obviously, and the dynamic equilibrium point is VGS = 5 V
(slope = 0 V/s) [21], [23], [24], [25]. Under long-term stress,
an apparent stable �VTH was observed in �VTH of |0.4 V|,
and positive VTH instability of p-GaN gate HEMT remains
well-confined. As shown in Fig. 3(f) the static equilibrium
point of VGS = 5 V is demonstrated more significantly.
Since power transistors usually operate at higher tempera-

tures, the reliability of the gate is studied. The DC feature of
IDS-VDS is characterized by the temperature range of 25 ∼
150 ◦C [4], [27]. As shown in Fig. 4(a), at longer stress times
and higher temperatures, there is still a negative temperature
dependence [28]. Decremental �VTH evolution of the DUT
was carried out in the stress time interval of 25 ∼ 150 ◦C
and 1 ∼ 1000 s. It is worth noticing that time-dependent
VTH began to decline with stress time when the temperature
increased to 75 ◦C. Moreover, after 5 V gate stress, VTH
shows a distinctly stable recovery rate from 1 to 10000 ms
[see Fig. 4(b)], this phenomenon was not found in traditional
p-GaN gate HEMTs [29], [30], showing an additional stress-
time dependence independent of pressure processes related
to electron capture in the gate region of the six mechanisms.
All repairs can be completed within 500 seconds.
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FIGURE 4. (a) �VTH evolution of p-GaN gate HEMT at various
temperatures in PBTI experiments. (b) �VTH recovery as a function of
temperature after 1000 s of gate bias stress.

FIGURE 5. The p-GaN gate HEMT gate’s schematic band diagram shows
(a) electron trapping as the dominating process at comparatively low
VG_str and (b) strengthen hole-related activities at high VG_str or high
temperatures. The holes tunnel from the metal/p-GaN contact to the
p-GaN, AlGaN, and GaN buffer. Then, free holes appear in the p-GaN
valence band.

From the above observations of the bias voltage, temper-
ature, and I-V characteristics, the carrier transport process
of Schottky p-GaN gate HEMT under positive gate stress
can be explained [31], [32]. The schematic electron trapping
energy band diagram and the p-n heterojunction of the p-
GaN gate HEMT’s gate stack under positive gate stress is
shown in Fig. 5(a). The metal/p-GaN Schottky junction is
reverse-biased and the metal/p-GaN interface has a depletion
layer, while the p-n heterojunction is forward-biased. The
electrons in 2DEG will spill over and flow into the AlGaN
layer due to the emission of hot electrons, some electrons
are trapped by defects in this layer [process(ii)], and others
injected electrons could arrive at the depleted p-GaN region
and subsequently flows into the gate electrode in the strong
electric field [9], [33]. The potential of the p-GaN gate
will turn negative gradually and VTH shifts positively [34].
Moreover, light emission should occur in the p-GaN layer
due to the electrons which finally flow to depletion [process
(iii)] area multiple-step transitions (Bremsstrahlung) [35],
and the electrons may also recombine with the holes present
in the p-GaN layer [process (i)] and recent studies show
an intense yellow (2.25 eV) light [36], which coincides
with the defect-assisted synthesis in the p-GaN layer. Lots
of hot holes will release energy enter into the lattice
and generate more defects as the temperature increases.
These defects combined with electrons from 2DEG, lead
to positive �VTH [process (iv)]. With the increasing gate
bias stress [37], the dependence of VTH on VG_str transforms

from positive to negative with the prolongation of stress
time [see Fig. 3(e)], electron capture mechanism of the
process [38]. The positive VTH can be alleviated via the
metal/p-GaN interface tunnelling [process (i)], electrons and
holes recombination [process (ii)], hole-assisted de-trapping
and hole accumulation [process (iii)] at the p-GaN/AlGaN
interface [see Fig. 5(b)], it reaches dynamic equilibrium at
5 V and remains stable [see Fig. 3(e) and Fig. 3(f)]. With the
temperature going up, the actual thickness of the Schottky
barrier reduces, and this hole injection process [process (i)]
becomes significant [39], [40], [41]. During the recovery
phase, the initially slow decline of �VTH can be explained
by the facts that capacitor C1 can be discharged to a low
level through an RC circuit that consists of capacitor C1
and resistor R1 [17], [18], [19]. Capacitor C1 is connected
in parallel to a 10ohm resistance leading to an RC time
constant that is much smaller than 10 s, and a small number
of holes are injected into the p-GaN layer [process (i)] [42].
It alleviates the rapid loss of holes caused by the shutdown
and maintains for a short time. �VTH shows that it gradually
recovers below 0.3 V from 1 to 10000 ms [43]. After
10000 ms recovery, no external charge enters the p-GaN
layer. Hole accumulation at the p-GaN/AlGaN interface, hole
trapping in the AlGaN layer, and de-trapping of electrons
via tunnelling, photon pumping, or hole recombination. The
electrons and holes eventually return to their initial stability,
and a full recovery can be obtained within more time.

IV. CONCLUSION
In summary, it has been investigated that temperature-
dependent and time-resolved gate degradation induced by
positive gate bias stress on a p-GaN gate HEMT with an
internal integrated gate circuit. The positive �VTH is 0.4 V
when the VGS is increased from 3 V to 8 V. The p-GaN gate
HEMT circuit is suitable for long-term operation at VGS =
5 V and high-temperature conditions. The significance of
VTH and the revealed mechanism in this work demonstrate
the potential for the application of p-GaN gate HEMT
devices.
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