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Temperature-Dependent Dynamic Performance
of p-GaN Gate HEMT on Si

Yitian Gu
Baile Chen

Abstract— Temperature-dependentdc and dynamic char-
acteristics of p-GaN gate HEMT were thoroughly investi-
gated from 300 to 140 K. At low temperature, in addition to
barely shifted threshold voltage, substantial improvement
in drain current was observed. At 300 K both positive and
negative gate bias stressing were applied to the device in
order to form a complete mapping of threshold voltage insta-
bility of p-GaN gate HEMT. Three mechanisms, namely hole
trap emission, carrier out-spilling, and hole accumulation
have been employed to elucidate the trends of threshold
voltage shift at room temperature. Temperature-dependent
dynamic performances, including threshold voltage insta-
bility and drain current degradation, were investigated. Via
drain current transient spectroscopy, activation energy for
hole emission and trapping process were extracted as
132 and 70 meV, respectively. Detailed pulsed output charac-
teristics at various quiescentbiases were explored. At 300 K,
gate quiescent bias played a dominant role in determin-
ing current collapse compared with drain quiescent bias.
Moreover, current collapse caused by gate pulse stressing
was much mitigated with decrease of temperature. The
detailed temperature-reliant dynamic performance provides
valuable information for justifying feasibility of p-GaN gate
HEMT for low-temperature applications and further device
optimizations.
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|. INTRODUCTION

1GaN/GaN-BASED high electron mobility transistors

(HEMTs) have been regarded as promising candi-
dates for next-generation high-power high-frequency sys-
tems [1]-[3], due to outstanding III-N material properties,
including wide bandgap, high electron saturation velocity, and
large critical electrical-field. In recent years, normally off IT1I-N
transistors based on AlGaN/GaN heterostructure with high
two-dimensional electron gas (2DEG) density have garnered
considerable research attention to meet the fail-safe design
requirement. Extensive efforts have been devoted into the
fabrication of normally off GaN HEMT, aiming at depleting
2DEG under the gate while keeping 2DEG in the access
region [4]. Gate recess [5], [6], ion implantation [7], [8], and
p-GaN gate [9], [10] are three representative ways to achieve
normally off operations. Normally off AlGaN/GaN HEMT
by two-step gate recess was reported in Chang er al. [11],
demonstrating threshold voltage of 0.68 V, maximum drain
saturation current of 228.9 mA/mm and peak transconductance
of 107.2 mS/mm. Fluorine-implanted AIN/GaN HEMTs fab-
ricated lately could reach a threshold voltage of 0.35 V [12].
For p-GaN gate HEMT, adjustment of the threshold voltage via
composite barrier design together with high saturation current
has been reported [13], [14].

Recently dynamic performance of p-GaN gate HEMT, par-
ticularly its threshold voltage instability induced by positive
gate bias and OFF-state drain stress, has been investigated and
documented [15]-[20]. With positive gate bias, it is revealed
that electron—hole recombination, electron trapping, and hole
accumulation are three major mechanisms to explicate the
threshold voltage shift [19]. Above room-temperature thresh-
old voltage shift upon positive gate bias was also reported [20].
Accelerated recovery process was spotted as increasing the
temperature. With OFF-state drain stressing, positive shift
of threshold voltage was observed from both experimental
measurements and TCAD simulations [21].

Though threshold voltage instability of p-GaN gate HEMT
has been amply investigated, there are still several concerns to
be addressed before reaching a comprehensive understanding
of dynamic performance of p-GaN gate HEMT.

1) The temporal behavior of drain current during the stress-
ing process and recovery process was unclear for p-GaN
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Fig. 1. (a) Schematic cross section of p-GaN gate HEMT. (b)—(d) Transfer characteristics, transconductance characteristics, and output characteristics
of p-GaN gate HEMT at room temperature. (e) Transfer curves of p-GaN gate HEMT at Vys = 1 V from 300 to 140 K. (f) Extracted ON-state gate
current for Vgs =5V Vgs = 1 V. (g) Output curves of p-GaN gate HEMT at Vys = 5 V from 300 to 140 K.

gate HEMT. In addition, most investigations of threshold
voltage instability focus on effects of positive gate bias.
There is still a lack of mapping for threshold voltage
instability covering a wide range of gate biases from
OFF- to ON-state.

Temperature-dependent dynamic performance, particu-
larly those at temperatures below room temperature is
absent, which hindered the use of p-GaN gate HEMT for
low-temperature applications such as orbiting spacecraft
or superconducting [22]. Additionally, activation energy
associated with carrier capture/emission process for p-
GaN gate HEMTs remain unknown.

Previous study for p-GaN gate HEMT mainly focused on
the impact of drain voltages with grounded gate voltages
[1], [23]. There is insufficient investigation on switching
performance with negative gate quiescent bias, in the
pulsed current collapse measurements. Little attention
was paid to the comparison between impact of gate bias
and drain bias.

2)

3)

In this study, dynamic performance of p-GaN gate HEMT
was thoroughly investigated.

1) Threshold voltage instability with both positive and
negative gate biases was measured and interpreted. The
mapping of threshold voltage shift was divided into three
stages, and the mechanism for each stage was revealed.
In addition, time-resolved dynamic drain current at a
fixed gate bias was studied.

Temperature-dependent drain current transient spec-
troscopy was performed from 300 to 140 K. With
negative gate bias, time constant, and activation energy
of relevant hole traps for both carrier emission process
and capture process were fully revealed and extracted.
Detailed switching on measurements with various gate
and drain quiescent biases combinations were addressed,

2)

3)

to characterize the current collapse of the p-GaN gate
HEMT in a wide temperature range. Impact of quiescent
bias from the gate terminal and drain terminal was com-
paratively disclosed. Much alleviated current collapse
with gate quiescent bias was observed as decreasing the
temperature.

The explicit temperature-dependent dynamic performance
provides valuable information to justify applicability of p-GaN
gate HEMT for low-temperature applications and shed insight
on further device optimizations.

[I. EXPERIMENT

The p-GaN gate HEMT used in this study was grown
by metal-organic chemical vapor deposition (MOCVD) and
consisted of 3.5-um-thick buffer layer, a 200 nm undoped
GaN layer, and a 15 nm undoped Aly23Gag 77N barrier layer.
The top 75 nm p-GaN layer was grown with a Mg doping
concentration of 3 x 10'° ¢cm™3, as shown in Fig. 1(a). Gate
metal was deposited on the p-GaN layer to form a Schottky-
type contact. The gate width/length of the device in this
study was 100/3.5 ym (W, = 100 ym, L, = 3.5 pum). The
distances from gate to drain and to source were 12 and 2.5 um,
respectively (Lgg = 12 um, Lo = 2.5 um). The device was
passivated by a SiN, layer.

Details of the bias-induced threshold instability measure-
ment can be found from our previous publication [24]. The
whole measurement process was completed in 75 us to
maximize the retention of device transient state. Drain current
transient spectroscopy was employed to show time-dependent
stressing and recovery process. The device was stressed at var-
ious gate biases and recovered naturally. Pulsed measurements
with various gate and drain quiescent bias combinations were
performed by repeatedly switching the device ON and OFF,
to monitor the current collapse.
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(a)—(c) Gate bias induced threshold instability under various gate bias voltage from —4 to 6 V for 1 s at 300 K. The transfer curves were
measured at V4s = 1 V. (d) Extracted threshold voltage shift from (a)—(c).
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Fig. 3.
measured at Vgs =2 Vand Vgs =1V.

I11. RESULTS AND DISCUSSION

Fig. 1(b) and (c) plotted transfer and transconductance char-
acteristics of p-GaN gate AlIGaN/GaN HEMT at room temper-
ature. Threshold voltage (Vy,) of this device was determined to
be 1.45 V using 1 mA/mm standard (Vgs = 1V, 300 K). Corre-
spondingly, a maximum transconductance of 29.2 mS/mm was
obtained at Vg, of 1 V. Fig. 1(d) illustrated output performance
of this enhancement-mode GaN HEMT, which demonstrated
a saturation current density of 218 mA/mm for Vg = 5 V.
In Fig. 1(e), as temperature was decreased to 140 K, the
threshold voltage was barely shifted (1.45 V at 300 K and
1.51 V at 140 K). Fig. 1(f) shows ON-state gate current as a
function of temperature, examined with Vg = 5 V and Vg =
1 V. The ON-state gate current was measured to be slightly
higher than 10 mA/mm for a fully turned-on device. The
gate current was reduced quickly when the temperature was
below 240 K, although it was also observed that the threshold
voltage was barely shifted as lowering the temperature. The
reduction of the ON-state gate current was believed to be
associated with reduction of hole tunneling current (when a
highly doped p-GaN layer was used), which was resulted
from decreased effective hole concentration in the p-GaN layer
at low temperatures [25], [26]. Fig. 1(g) illustrated output
performance of the p-GaN gate GaN HEMT from 300 to 140 K
at Voo = 5 V. The drain current increased for Vgs = 5 V
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(a)—(c) Drain current transient spectroscopy at 300 K for various negative/positive stressing voltages from —4 to 6 V. The drain current was

as cooling down the device: 218 mA/mm at 300 K and
290 mA/mm at 140 K.

In Fig. 2, transfer curves under various gate bias stressing
conditions were measured at 300 K with 1 V drain bias.
Fig. 2(a) showed threshold voltage instability induced by
negative gate bias, with stressing voltages from —2 to —4 V at
room temperature. The threshold voltage was shifted positively
as OFF-state stressing voltage was strengthened. With gate bias
of —4 V for 1 s, a positive threshold voltage shift of 0.19 V
was observed.

In Fig. 2(b), threshold voltage instability with low positive
gate bias was investigated. Threshold voltage was found to
be shifted fiercely: AVy = 0.15 for 1 V stressing and
AVy = 0.57 for 2 V stressing. When p-GaN gate HEMT
was stressed at high positive gate bias, threshold voltage was
shifted negatively progressively, as shown in Fig. 2(c). For
Vis,stress = 6V, the threshold voltage was much lower than
the original value (AVy, = —0.76 V). A complete mapping of
the threshold voltage shift was summarized in Fig. 2(d).

Fig. 3 shows the time-resolved drain current at Vg =2 V
and Vgs = 1 V as a function of gate bias stress and stressing
duration. In Fig. 3(a), with a negative gate bias, dynamic drain
current was decreased and finally reached a stable value as
stressing time was extended. As the stressing gate bias was
strengthened from —1 to —4 V, the ratio between dynamic
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Fig. 4. Main mechanism causing p-GaN gate HEMT threshold voltage
instability and drain current degradation/promotion under (i) negative
gate bias, (ii) small positive gate bias, and (iii) large positive bias.

current and non-stressed value was reduced from 85% to 67%.
And the time to reach a steady forward current was prolonged
from 0.6 to 8.0 ms.

Fig. 3(b) revealed time-dependent results of dynamic drain
current after positive gate voltage stressing of 1 to 2 V on
p-GaN gate. The dynamic drain current after 2 V-gate stressing
dropped to 27% of the fresh value due to severe threshold
voltage shift. In Fig. 3(c), as the gate stressing voltage was
further strengthened to 4 V or higher, the current was enhanced
rather than being degraded due to negative shift of Vi,.

The band diagram in Fig. 4 was used to pictorially explain
the main mechanisms of the threshold voltage shift for a wide
stressing range.

1) When negative gate bias was applied on the p-GaN
gate, hole traps at the p-GaN/AlGaN interface, which
were naturally filled, started to emit holes [3], [27].
De-trapped hole traps with negative charges would repel
the carriers in the 2DEG channel, leading to positive
shift of threshold voltage. As a result, decreased dynamic
drain current was measured as the stressing process
continued [Fig. 3(a)]. With a negative gate bias, negative
gate leakage current was recorded in Table 1, in a good
agreement with hole emission and extraction at the gate
terminal.

2) When low positive gate bias (Vg siress = 1-2 V) was
applied, severe Vi, shifts and drain current degradation
were observed. This observation was related to the loss
of carriers in the 2DEG channel due to upward moving
of quasi-Fermi level with low positive gate bias. It is
expected that electrons are able to escape from the

TABLE |
GATE LEAKAGE CURRENT DURING STRESSING PROCESS WITH
VARIOUS Vs, stress AND ZERO DRAIN BiAs

Vgs,stress (V) -4 -3 -2 -1 1

lg (MA/mm) -0.031  -0.025 -0.021 -0.015 -0.005
Vgs.stress (V) 2 3 4 5 6

lg (MA/mm) 0.008 0.179 1.65 17.2 39.4

channel as a result of AIGaN barrier lowering. Those
electrons would recombine with holes in p-GaN layer or
get trapped in AlGaN layer/p-GaN layer [17], [19]. The
reduction of 2DEG caused a positive shift of threshold
voltage and sharp current degradation at low gate bias.

3) While the gate was stressed at relatively high pos-
itive biases (Vg swess > 4 V), the threshold voltage
shifted negatively. The phenomenon was associated
with increased hole injection from Schottky contact-
based gate, leading to accumulation of holes at p-
GaN/AlGaN interface [18], [28], [29]. The positive
charge in gate-stack would result in an enhancement of
2DEG and negative shift of threshold voltage as well.
As the gate bias was higher than 4 V, the gate leakage
current kept increasing [Table 1], which indicated a
strengthened hole injection process.

In short, for negative bias, the positive Vy, shift corre-
sponded to hole emission in p-GaN gate layer and partial
depletion of the 2DEG. For small positive bias, positive shift
of Vi, and current degradation became much more severe due
to spilled carriers from the channel. When high positive gate
bias was applied to the device, Vi, began to shift backward and
dynamic drain current was enhanced, due to hole accumulation
at the p-GaN/AlGaN interface and enlarged carrier density in
the 2DEG channel.

Fig. 5(a)—(c) illustrated time-dependent recovery process at
room temperature after stressing duration of 1 s. For these
recovery processes after different gate bias stressing, drain
current density returned to original values gradually, all within
30 ms. In the case of recovery after negative gate bias stressing
[Fig. 5(a)], drain current typically remained unchanged until
a recovery duration of 0.5 ms, for all the negative gate bias
stressing conditions. After that, current recovery was gradually
completed, which was associated with hole capturing process
in p-GaN layer or AlGaN layer, a reverse process of the
emission activities illustrated Fig. 4(a). In the case of recovery
after low positive gate bias stressing in Fig. 5(b), the recovery
process was linked to recovery of spilled 2DEG. In the case
of recovery after large positive gate bias stressing, as shown in
Fig. 5(c), the drain current recovered from enhanced current
levels, corresponding to thermionic emission of accumulated
holes at the interface of p-GaN/AlGaN.

Fig. 6(a) depicted temperature-dependent threshold voltage
shift with fixed negative gate bias (Vg suwess = —4 V) for
various stressing durations from 1 ms to 10 s. The threshold
voltage was found to be continuously shifted positively as the
stressing time was increased for each temperature step. The
threshold voltage was stable after 100 ms stressing at 300 K.
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Fig. 6. (a) Negative bias induced threshold voltage instability (NBTI)
under —4 V gate bias for different stress duration times (1 ms, 10 ms,
100 ms, 0.1 s, 1 s, and 10 s) from 300 to 140 K. (b) Threshold voltage
recovery process with various duration periods (Vgs = 0V, Vgs = 0 V)
following gate bias stress (Vgs, stress = —4 V, 10 8).

At 140 K, it took 10 s for the device to reach a similar
threshold voltage shift of 0.28 V. The results indicated that
the time for stabilization of Vi, with negative stressing was
prolonged as decreasing the temperature. Meanwhile, Fig. 6(b)
displayed the recovery process of threshold voltage after
negative gate bias pre-stress (Vs siess = —4 V, 10 s). Typically,
the time to achieve a certain amount of threshold voltage
shift was also increased as the temperature was decreased.
The process of recovery was finished within 10 ms at 300 K.
As the temperature dropped to 140 K, the threshold voltage
was nearly recovered after 10 s. During the recovery process,
the hole traps in AlGaN started to capture holes and threshold
voltage progressively returned to its original value. And the

results suggested more active hole-capturing activities for hole
traps in the p-GaN layer as heating up the device.

Fig. 7(a) showed extracted temperature-related and time-
resolved drain current transient spectroscopy. Drain current
was repeatedly probed at Vo =5 V and Vg = 1 V during the
stressing process with a fixed gate stressing voltage of —4 V.
It is noted that although the dynamic current reduction was
quite small (<2%) for a fully turned-on device (Vg = 5 V),
one may still extract activation energies for hole emission and
capture process. As shown in Fig. 7(b), the transient process
was illustrated using degradation ratio as defined as

1 ; — 1 e (t
degradation ratio(f) = —ymamic, max aynamic (1) (1)

dynamic, max — Idynamic, min.

The current degradation ratio showed that when the tempera-
ture decreases, the emission process associated with stressing
was decelerated. The emission time constant was calculated
to be 1.26 ms at 300 K and 100 ms at 180 K, based on the
results of Fig. 7(a). The extended time constant revealed an
inactive hole emission process as lowering the temperatures.
Furthermore, an emission activation energy of 132 meV was
extracted by the Arrhenius function [Fig. 7(b)], indicating an
amount of energy was needed for acquiring hole carriers
at the p-GaN/AlGaN interface. The recovery experiments
were employed to reveal the temperature-dependent hole cap-
ture behaviors, as shown in Fig. 7(c). The recovery ratio in
Fig. 7(c) was defined as

Idynamic, max — Idynamic (t) (2)

recovery ratio(t) = .
dynamic, max — Idynamic, min

From 300 to 180 K, a slow-down drain current recovery
process was identified. The capture time constant of holes was
stretched from 6.3 ms at 300 K to 100 ms at 180 K. An activa-
tion energy of 70 meV was extracted for the recovery process,
as shown in Fig. 7(d). The activation energy is comparable to
the activation energy of 94 meV in Nardo et al., [30], where
dynamic R,, of p-GaN gate HEMT at OFF-state drain voltage
stressing was monitored.

Fig. 8(a) depicted temperature-dependent threshold voltage
instability after 6 V-gate-bias stressing for various durations
(1 ms, 10 ms, 0.1 s, 1 s, and 10 s). With 1 ms-gate-stressing,
the threshold voltage was shifted by around 0.8 V, but was
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(a) Positive bias-induced threshold voltage instability (PBTI) under 6 V gate bias for different stress duration times (1 ms, 10 ms, 100 ms,

0.1s, 15, and 10 s) from 300 to 140 K. (b) Threshold voltage recovery process with various duration periods (Vgs = 0V, Vys = 0 V) following
gate bias stress (Vgs, stress = 6 V, 10 s). (c) Extracted and absolutized recovery process under different duration periods after Vgs stress = 6 V
pre-stressing of 1 s from 300 to 140 K. The drain current was measured at Vgs =2 V and Vys = 1 V. (d) Extracted dynamic drain current recovery

rate.

only slightly further shifted for a longer stressing duration. The
results suggested a very fast hole accumulation process, in a
good agreement with observations in Fig. 3(c). The devices
showed more significant negative Vi, shift at temperatures
below 300 K. It was believed to be attributed to reduction
of 2DEG spilling and/or enhancement of hole accumulation at
high Vi and at low temperatures. Fig. 8(b) revealed the extent
of threshold voltage recovery, after applying a 10 s positive
gate bias pre-stressing (Vs swess = 6 V). For each temperature
step, threshold voltage was shifted toward its original value as
recovery duration was extended, due to thermionic emission
of accumulated holes at the p-GaN/AlGaN interface. It was
also found that time of recovery was extended from 10 ms
at 300 K to 10 s at 140 K, as a result of small thermal energy
of the carriers at lower temperature.

Fig. 8(c) shows the temperature-dependent drain current
transient spectroscopy after 1 s pre-stressing at 6 V (Vg suress =
6 V). At 300 K, it took 7 ms for drain current to have a
90% recovery. However, at 140 K it took 178 ms to complete
the same process. This phenomenon was related to thermionic
emission of accumulated holes at the interface of p-GaN and
AlGaN.

Fig. 8(d) showed the recovery rate, which was obtained by
taking the time derivate of the recovery ratio

d(recovery ratio(t))
d(logo(1))

From Fig. 8(d), one may extract corresponding recovery
time constant for each temperature step, and note that the
acquired time constant became slightly longer as lowering the

recovery rate(t) =

3)
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Fig. 9. (a) and (b) Pulsed output characteristics of p-GaN gate HEMTs
with various drain—gate quiescent voltage at 300 K. The measurement
Vgs was 5 V. (c) and (d) Extracted current collapse ratio of p-GaN gate
HEMTs with various drain—gate quiescent voltage from 300 to 140 K.

temperature: 1.58 ms at 300 K and 3.96 ms for temperatures
lower than 225 K.

Fig. 9(a) and (b) showed pulsed output characteristics with
various quiescent voltages at 300 K. The gate bias during
the ON-state was set as 5 V for fear of the influence of
Vin shift. For (Vgq, Vasg) = (0, 4 V), the saturation current
collapse ratio was measured to be 5.3%. As Vysq was increased
to 20 V, the current collapse ratio was deteriorated to 14%.
In Fig. 9(b), the drain quiescent voltage was fixed at 0 V and
gate quiescent bias was set from 0 to —10 V. In the case
of (Vgq, Vasg) = (=10, 0 V), the current collapse ratio was
15%: a similar degradation was observed when the potential
difference between gate and drain was doubled as the case of
(0, 20 V). The larger potential difference revealed that the gate
stressing was more vital to the dynamic performance of the
p-GaN gate HEMT at 300 K. As lowering the temperature,
as shown in Fig. 9(c), the current collapse with certain drain
quiescent bias was only slightly alleviated. For example, with
stressing condition of (Vgq, Vasg) = (0, 20 V), the current
collapse ratio was improved from 14.3% at 300 K to 10.0%
at 140 K. However, as shown in Fig. 9(d), the current collapse
with gate-only quiescent bias was much mitigated. In the case
of (Vgq, Vasg) = (=10, 0 V), the current collapse ratio was
reduced to 2.9% at 140 K, which is only 1/5 of the value
at 300 K. The phenomenon is associated with slow-down hole
de-trapping process at low temperature, which is consistent
with observation in Fig. 7(a). It also suggests that the traps
under the gate region rather than in the access region play a
key role in determining the dynamic degradation.

Fig. 10(a) illustrated the pulsed output characteristics at
Voo = 2.5 V with various drain gate delay (DGD) and
quiescent bias of (Vgsq, Vasq) = (0, 8 V). DGD was defined
as the time difference between a drain voltage reducing to
Vasq/2 and Vgq reaching V. By precisely tuning the DGD,
soft switch and hard switch could be well adjusted. For
soft switching condition (DGD > 0), the current collapse

was measured to be identically 26% regardless of the DGD
value. For hard switching condition (DGD < 0), the current
collapse was gradually deteriorated, as the DGD time was
extended. The current collapse ratio was measured to be 41%
for DGD of —4 us. Extra current collapse observed in hard-
switch mode of the p-GaN gate HEMT was believed to be
caused by hot electron effect. High energy electrons which
were accelerated by large drain bias would promote additional
carrier capture in the AlGaN or in the buffer, leading to
extra dynamic degradations [24]. Fig. 10(b) showed extracted
current collapse ratio with various DGD at 300 and 140 K. For
lower temperature, the current collapse under hard switch and
soft switch was 27% and 16%, respectively. The hot electron
effect could still be observed at low temperatures.

IV. CONCLUSION

DC and dynamic characteristics of p-GaN gate HEMT
were thoroughly investigated for a wide temperature range.
At 140 K, in addition to a negligibly shifted threshold volt-
age, a more-than doubled saturation drain current compared
with the value at 300 K was observed. Gate bias induced
threshold voltage instability could be divided into three stages
depending on the gate bias polarity and strength. Hole trap
emission, carrier out-spilling, and hole accumulation have
been identified as major reasons for threshold voltage insta-
bility. Accordingly, the time-resolved drain current was also
investigated. With 1 s pre-stressing for a wide gate bias
from —4 to 6 V, it took less than 30 ms for the drain
current to get full recovery. Temperature-dependent dynamic
performance was investigated from 300 to 140 K. For negative
gate bias, longer stressing time is needed to achieve certain
level of Vi deviation from its original value as tempera-
ture was decreased. Via temperature-dependent drain current
transient spectroscopy, time constant was extracted for both
hole emission and hole capture process. Both time constants
became larger as lowering the temperature. The hole emission
activation energy and hole capture activation energy were
extracted to be 132 and 70 meV, respectively. The emission
time constant was prolonged from 1.26 ms (300 K) to 100 ms
(140 K) as the temperature was decreased. For capture time
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constant, it was 6.3 ms at 300 K and 100 ms at 180 K,
respectively. At 300 K, gate quiescent bias played a dominant
role in current collapse compared with drain quiescent bias.
Meanwhile, at low temperatures, massive alleviation of current
collapse was observed in the case of mere gate quiescent bias.
However, reduction of current collapse with drain quiescent
bias at low temperature was less significant. When working in
the hard-switch mode, the p-GaN HEMT showed additional
current collapse than those in the soft-switching mode. It is
believed energetic electrons which were accelerated by large
drain-gate voltage promote additional carrier capture, leading
to extra dynamic degradations.
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