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Abstract—In this article, the impacts of the OFF-state gate bias
(VGS,OFF) on dynamic ON-resistance (RON) are systematically in-
vestigated in commercial Schottky-type p-GaN Gate high-electron-
mobility transistors. Double-pulse tester and pulsed I–V system
are adopted to evaluate the dynamic RON with various OFF-state
gate and drain bias (VDS,OFF) under hard- and soft-switching
conditions. More negative VGS,OFF can aggravate the dynamic
RON degradation under both soft- and hard-switching, especially
when switching with a high VDS,OFF. The impacts of VGS,OFF

on switching transients and OFF-state stress are investigated sep-
arately to reveal the underlying mechanisms, which are found to
be associated with the generation and movements of holes. The
OFF-state gate bias of the voltage-driving scheme needs to be care-
fully considered according to the identified mechanisms in terms
of dynamic ON-resistance degradation.

Index Terms—Dynamic ON-resistance, impact ionization,
OFF-state gate bias, Schottky-type p-GaN gate high-electron-
mobility transistor (HEMT).

I. INTRODUCTION

G aN-BASED high-electron-mobility transistors (HEMTs)
are superior candidates for high-efficiency power con-

verter applications, owing to low ON-resistance (RON), fast
switching speed and high-temperature operation capabilities
[1]–[3]. Enhancement-mode (E-mode) devices are preferred for
fail-safe operation of the power electronic systems. Presently,
p-GaN gate HEMT is leading the commercialization of the
single-chip E-mode GaN power devices, which adopts a p-type
GaN layer on the AlGaN barrier to deplete two-dimensional
electron gas (2-DEG) underneath the gate region, ensuring
normally-OFF operation.

The contact between the gate metal and p-GaN layer is either
an Ohmic- [4] or a Schottky-type contact [5] in the commercial
devices. The Ohmic-type p-GaN gate HEMT [i.e., gate injection
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transistor (GIT)] has demonstrated attractive threshold voltage
(VTH) stability [6] and dynamic switching performance [7],
but it requires a continuous gate current (i.e., current driving)
to maintain ON-state, which enlarges the power consumption
of gate driving and creates difficulties in GaN-based on-wafer
integration. Another p-GaN gate HEMT technology, i.e., adopt-
ing a Schottky-type p-GaN gate, can effectively suppress the
gate leakage current and thus enables a voltage-driving scheme.
All-GaN integration of gate driver circuits with the Schottky-
type p-GaN gate HEMTs has been demonstrated, which shows
impressive high efficiency and high operation frequency [8].

To release the full potential of the Schottky-type p-GaN
gate HEMTs, optimum OFF-state gate bias (VGS,OFF) of the
voltage-driving scheme needs elaborated consideration. When
operated under a high switching speed, gate rings caused by
parasitic inductance or miller capacitor could easily exceed
the threshold voltage that is not sufficiently high (typically <
2 V in Schottky-type p-GaN gate HEMTs [9]). False turn-ON

could occur [10], [11]. Therefore, a negative OFF-state gate bias
(VGS,OFF of −1 to −4 V), especially for high-power (e.g., 1
–100 kW) applications, is recommended to ensure the reliability
of power system [12], [13]. Negative VGS,OFF can also bring
other benefits. When switching with a high load current, negative
VGS,OFF can obviously expedite the switching-OFF transition
and reduce the turn-OFF switching loss [14]. In addition, suf-
ficiently negative VGS,OFF was recommended to suppress the
dynamic OFF-state leakage current degradation, which could be
caused by photo-conductivity effect [15], electroluminescence
emitted photon pumping of trapped electrons [16], or hole-
assisted electron de-trapping [17]–[19] in the gate region.

However, adopting negative VGS,OFF could result in some
drawbacks. One critical drawback of the negative VGS,OFF is
larger reverse-conduction loss. In practical applications with
an inductive load, the power devices during deadtime will be
subjected to a reverse-conduction state to provide a freewheeling
current path. The reverse conduction of GaN HEMTs is enabled
by turning ON the drain-side channel with gate-to-drain bias
(VGD) higher than VTH. Negative VGS,OFF will increase the
reverse turn-ON voltage of GaN HEMTs, causing higher reverse-
conduction loss [20]. Thus, VGS,OFF of 0 V is recommended by
the manufacturers in low-voltage or low-power applications, or
when the deadtime power loss is critical [21]. In addition, holes
could be generated by impact ionization in the high electric-field
region during high drain-bias stress [22]. Negative gate bias
could accelerate the device degradation by attracting the flow
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of holes to the gate side [23]. Thus, negative VGS,OFF should be
limited to a certain operation range for better device reliability.

The impacts of VGS,OFF have been considered from different
angles, including switching transition [14], OFF-state leakage
current [17]–[19], hole transport [22], [23], and hole-assisted
detrapping [18]. These factors are also critical to dynamic
ON-resistance (RON) performance. Due to the electron trapping
in the buffer layer and at the barrier surface induced by high
drain bias stress [24], the 2-DEG channel is partially depleted
after switching back to ON-state, resulting in increased RON

and enlarged conduction loss. In previous on-board dynamic
RON characterizations, negative VGS,OFF of –1∼ –4 V is often
applied to ensure the stability of the circuit system [25]–[27].
However, the impacts of VGS,OFF on dynamic RON degradation
have not been investigated.

In this article, the influence of VGS,OFF on dynamic
ON-resistance (RON) is investigated under both hard- and
soft-switching conditions in commercial E-mode p-GaN gate
HEMTs. When switching with a large OFF-state drain bias (i.e.,
VDS > 200 V), more negative VGS,OFF could greatly aggravate
current collapse. The major reason is that the generation and
movement of holes during the OFF-state stress are affected by
negative VGS,OFF. Understanding the impacts of VGS,OFF on
the dynamic performance is of great significance for gate driver
design.

The rest of this article is organized as follows. In Section II,
test setups and configurations of dynamic RON measurements
are introduced. In Section III, detailed test results are presented
to show the impacts of VGS,OFF on dynamic RON degradation.
The underlying mechanisms are analyzed in Section IV. Finally,
Section V concludes this article.

II. DYNAMIC RON CHARACTERIZATIONS METHOD

The devices tested in this article are commercial Schottky-
type p-GaN gate HEMTs with a voltage/current rating of 650
V/30 A [28]. Hard-switching tests were conducted on the com-
mercial p-GaN gate HEMTs with a double-pulse tester to sys-
tematically characterize the impacts of VGS,OFF on dynamic
performance. In addition, soft-switching tests were also con-
ducted using a high-speed pulsed I–V (PIV) system to verify
the impacts of VGS,OFF during OFF-state stress excluding the
impacts of switching transients.

A. ON-State Gate Drive Bias Consideration

Transfer and output characteristics of the p-GaN gate HEMT
are shown in Fig. 1, measured by the Agilent B1505A power
device analyzer. The device features a static RON around 55 mΩ
extracted from the linear region of output characters with VGS of
6 V, and a VTH of 1.24 V defined at IDS of 1 mA. According to the
static characteristics, a gate drive voltage of 4 V is enough to fully
turn ON the GaN transistor. However, under high-power switch-
ing operations, a positive VTH shift could occur due to hole
deficiency [25] and electron trapping in the barrier/buffer layer
[29]. The dynamic RON is significantly larger (compared with
the static RON) under a low VGS of 4 V as the result of the positive
VTH shifts. Considering the impacts of positive VTH shift on

Fig. 1. (a) Output (IDS-VDS) and (b) transfer (IDS-VGS) characteristics of
the commercial p-GaN gate HEMTs.

Fig. 2. (a) Schematic circuits of the double-pulse tester with a clamping circuit.
(b) Waveforms of gate control signal (VGS) and the corresponding drain voltage
(VDS) and current (IDS).

RON and reliable gate operation [25], optimized ON-state gate
bias of 6.1 V is adopted, which is clamped by a Zener diode.

B. Double-Pulse Test Setups

A double-pulse tester is built to evaluate the device switching
performance under hard switching conditions. The test circuit
schematic is shown in Fig. 2(a). A bulk capacitor bank CBulk

with a large capacitance of 640µF is adopted for a quick transfer
of electric energy to the double pulse tester (DPT), as well as
to maintain a smooth input power voltage (VIn) with a variation
smaller than 0.1 V. The SiC Schottky barrier diode (SBD) serves
as the freewheeling diode of the inductive load to facilitate fast
commutation processes. A clamping circuit [27] is applied to
block the high OFF-state VDS and provide a good measuring
resolution of the low ON-state drain voltage. The drain voltage
is calculated by subtracting the turn-ON voltage of clamping
diode D1 (VF_D1) from the measured drain-to-source voltage
VDS(m). The measuring delay time is around 100 ns. The gate
control signals (VGS) and the corresponding drain voltage (VDS)
and current (IDS) waveforms are illustrated in Fig. 2(b).

As is shown in Fig. 3(a), the test setup contains a test board, a
waveform generator, an oscilloscope, an auxiliary power supply,
a dc power supply and a bulk capacitor bank. The test board is
designed on a four-layers print circuit board (PCB) to reduce
the parasitic parameters. A detailed overview of the PCB test
board is depicted in Fig. 3(b). A double-side layout is designed to
reduce the coupling between the high-voltage power loop (on the
top side) and the low-power gate control and clamping circuits
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Fig. 3. (a) DPT setup for dynamic RON evaluation. (b) Photograph of the PCB
test board used in the DPT.

Fig. 4. Schematic gate driver circuits of the DPT.

(on the backside), which benefits a tight layout to minimize the
stray inductance. The drain current is sensed using a 0.1-Ω coax-
ial shunt (SSDN-10) from T&M Research and then monitored
by the oscilloscope. In particular, 50-Ω impedance matching is
indispensable between the signal line of the coaxial shunt and
the oscilloscope. The gate and drain voltages are measured using
single-ended passive probes of the oscilloscope. A scope probe
with a short ground clip is used for accurate measurement results.

The double-pulse gate control signals of the device under
test (DUT) are provided by the waveform generator. Aimed at
probing the impacts of VGS,OFF on dynamic RON, a gate drive
circuit is designed, as shown in Fig. 4. The auxiliary power
supply of the gate driver (Vcc) is divided into two parts by a 1-kΩ
resistance and a Zener diode, which is employed to provide the
turn-OFF gate voltages (VGL) and turn-ON gate voltage (VGH),
respectively. VGH is clamped to the breakdown voltage (VZ)
of the Zener diode, which is 6.1 V, to ensure adequate gate
overdrive, as discussed in Section II-A; while various VGL that
equals VZ −Vcc is achieved by adjusting the auxiliary power
supply. In more detail, an isolated half-bridge driver IC Si8271
is applied to provide a wide supply range and a fast propagation
time of 60 ns [21]. External turn-ON gate resistor RG-ON of 27 Ω
and turn-OFF gate resistor RG-OFF of 2 Ω are used to control the
switching speed of the GaN power transistors.

C. DPT and Soft-Switching Test Configurations

DPT is an effective method to evaluate the dynamic perfor-
mance of the device under operating conditions close to practical
applications. Before double pulse tests, the prestressing time is
controlled to be five minutes to eliminate the impacts induced
by different prestressing time. Then, the DUT is turned ON and
maintained at ON-state for 1µs. The inductive load is charged up,
and the load current (Iload) through the DUT keeps increasing.

Fig. 5. Experimental waveforms for dynamic ON-resistance measurement
and extraction. The illustrated waveforms are measured under hard-switching
conditions with harsh hard-switching conditions with RG-ON of 27Ω, VDS,OFF

of 400 V and VGS,OFF of –2 V. RP is the parasitic resistance between the S/D
terminals on the DPT board, which is ∼28 mΩ.

Fig. 6. Illustrated waveforms of gate and drain voltage during the pulsed (a)
output and (b) transfer characteristics test using PIV system.

By adjusting the load inductance, the load current at the end
of the first ON-state pulse can be maintained the same with
different input power voltage. After that, the DUT is turned OFF

and kept at the OFF-state for 0.5µs with the SiC SBD serving as a
freewheeling diode. Subsequently, the DUT turns ON again and
dynamic RON is measured during this second ON-state pulse
with a measuring delay time of 100 ns (see Fig. 5). To avoid
switching noise or unexpected oscillation, dynamic RON after
switching on for a sufficient delay of 800 ns is extracted from
the waveforms and normalized to the static RON. To evaluate the
impacts of VGS,OFF on dynamic RON, double pulse tests were
conducted with VGS,OFF varying from 0 to –4 V.

Compared with the hard switching test, the soft switching
test can exclude the influence of switching transients, so that
the impacts of OFF-state stress on dynamic RON can be studied
separately. The soft switching tests are conducted using an
AMCAD 1000-V/30-A pulse IV (PIV) system. The waveforms
of the gate and drain voltage during the pulsed output (ID–VDS)
tests are illustrated in Fig. 6(a). The pulse period is 70 µs, and
the pulse width of the gate and the drain bias is 18 and 50
µs, respectively. A delay time of 1 µs is set to ensure the soft
switching operations. ON-state gate bias of 6.1 V, same as that
used in DPT, is applied in pulsed output tests. VDS,ON sweeps
up from 0 to 1.5 V, and dynamic RON is extracted from the linear
region. In particular, dynamic RON degradation could partially
recover during the long measurement delay, so a wide range of
VGS,OFF from 0 to –8 V is used in the soft switching tests to
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Fig. 7. RON of p-GaN gate Dynamic HEMTs with different drain bias stresses
from 50 to 400 V and VGS,OFF of (a) 0 V, (b) –2 V, and (c) –4 V, respectively.
The load current Iload is 8 A, and ON-state VGS is 6 V. (d) Normalized dynamic
RON after turning ON for 800 ns.

see clear dependence of dynamic RON on VGS,OFF. Within the
10-µs measurement window, five data points are sampled and
averaged to obtain the accurate results.

The high current resolution of the PIV system also enables
pulsed transfer (ID−VGS) tests to extract VTH, which provides
more insight into the underlying RON degradation mechanism.
The pulse width, period, delay time and measurement widow
of the pulsed transfer (ID–VDS) tests are the same with that
of the pulsed output tests [see Fig. 6(b)]. ON-state drain bias
of 1 V is applied in the pulsed transfer tests with VGS,ON

sweeping up from 0 to 4 V. Transient ON-state drain current ID
and VDS/VGS are sampled simultaneously after each OFF-to-ON

switching event.

III. EXPERIMENTAL RESULTS

Previous publications have paid much attention to the impacts
of OFF-state drain bias [30], ON-state gate drive bias [25], tem-
perature [31], substrate termination [24], etc., on dynamic RON,
but few of them pay attention to the OFF-state gate bias. This
section aims to show the impacts of VGS,OFF on the dynamic
RON under different operation conditions. The OFF-state stress
and switching transients during the double-pulse tests could be
both affected by VGS,OFF, of which the impacts on dynamic
RON behaviors are characterized separately.

A. Impacts of VGS,OFF on Dynamic RON

Fig. 7 shows the dynamic ON-resistance measured with the
same drain current of 8 A and different OFF-state gate and drain
bias. With VDS,OFF exceeding a certain value (i.e., 200 V), more
negative VGS,OFF aggravates the dynamic RON degradation,
which is more obvious with higher VDS,OFF. For example, with
a drain bias of 400 V, the dynamic RON with VGS,OFF of −4 V

Fig. 8. (a) Switching transient load lines. (b) Dynamic RON with VDS,OFF

= 300 V, VGS,OFF = 0 V and Iload = 4, 8, and 12 A, respectively.

is aggravated to 4 times larger than that with VGS,OFF of 0 V
[see Fig. 7(d)], which is remarkable compared to the impacts
of other factors, such as load current [27], OFF-state stress time
[32], temperature [31], duty cycle and switching mode [33].
Taking a 300-kHz/3.3-kW totem-pole continuous conduction
mode power factor correction application as an example, the
conduction loss caused by dynamic RON is comparable to the
switching loss, resulting in around 0.3% efficiency reduction.
Therefore, the impacts of VGS,OFF on dynamic RON under
switching operations are worth careful considerations in gate-
driving scheme engineering.

In addition, the dependence of dynamic RON on drain stress
bias changes with VGS,OFF. With VGS,OFF of 0 V, the dynamic
RON exhibits a nonmonotonic dependence on the OFF-state
drain voltage (VDS,OFF). Medium VDS,OFF (<150 V) results
in monotonically increasing dynamic RON, but higher VDS,OFF

(>200 V) enables alleviated dynamic RON degradation. Similar
dynamic RON improvement under high VDS,OFF has also been
reported in [32] and [34]. With negative OFF-state gate bias, the
dynamic RON degradation turns to monotonically increase as
VDS,OFF increases, consistent with other reported DPT results
using the same setup with negative VGS,OFF [26], [27].

Five more devices and those with different voltage/current
rating of 650 V/22.5 A [35] were also tested to check that the
dependence of dynamic RON on VGS,OFF is a common behavior.

B. Impacts of Switching Transients on Dynamic RON

Switching transients, especially the turn-OFF transients, could
be affected by VGS,OFF. To verify the impacts of switching
transients on dynamic RON, the load line is modified by adjusting
the load current [see Fig. 8(a)], while maintaining the same
OFF-state stress condition, i.e., the same OFF-state gate/drain
bias and stress period. In addition to Iload, RG_OFF, and RG_ON

can also affect the switching transients [27], thereby affecting
the dynamic RON, but the impacts should be much weaker than
that caused by varying Iload. As depicted in Fig. 8(a), switching
load lines are greatly changed by adjusting the inductive load,
causing harsher or softer switching transients than that with Iload
of 8 A.

Dynamic RON measured with various load currents, VDS,OFF

of 300 V and VGS,OFF of 0 V is shown in Fig. 8(b). Switching
operation with higher Iload results in slightly reduced dynamic
RON degradation. Similar trends are also observed with negative
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Fig. 9. Dynamic RON measured with different Iload, VDS,OFF = 300 V. (a)
VGS,OFF = −2 V. (b) VGS,OFF = −4 V.

Fig. 10. (a) Waveforms of VGS, VDS, and IDS during the soft-switching test
with VDS,OFF of 400 V and VGS,OFF of 0 V. (b) Pulsed output under soft
switching with VDS,OFF = 300 V and various VGS,OFF. (c) Dynamic RON

measured with various VGS,OFF and VDS,OFF.

OFF-state gate bias of −2 V [see Fig. 9(a)] and −4 V [see
Fig. 9(b)]. In addition, in all the tests with various Iload, dynamic
RON increases with more negative VGS,OFF.

C. Impacts of OFF-State Stress on Dynamic RON

In contrast to its strong dependence on VGS,OFF, the dynamic
RON only shows slight distinction when load lines are largely
changed [see Fig. 8]. The major impacts of VGS,OFF in hard-
switching tests should arise mainly from OFF-state stress. To
individually evaluate the impacts of OFF-state stress on dynamic
RON, soft-switching tests were conducted excluding the impacts
of switching transients. The tests were conducted using a PIV
system with various VGS,OFF from 0 to −8 V and VDS,OFF of
300, 350, and 400 V, respectively (see Fig. 10). Fig. 10(a) shows
the waveforms of IDS, VDS, and VGS in the soft-switching test
with VDS,OFF of 400 V and VGS,OFF of 0 V. With more negative
VGS,OFF and the same VDS,OFF, the increase in dynamic RON

Fig. 11. Dynamic RON with different off-state stress time (tOFF). (a)
VGS,OFF = –2 V. (b) Different VGS,OFF.

Fig. 12. (a) Turn-OFF and (b) turn-ON transient waveforms of VDS and IDS

during the double pulse tests with different VGS,OFF and VDS,OFF of 300 V.
The OFF-state stress time tOFF is 0.5 µs.

was also observed with the impacts of switching transients
excluded [see Fig. 10(c)], indicating that the OFF-state stress
with different VGS,OFF has considerable impacts on the dynamic
RON degradation.

The impacts of OFF-state stress time (tOFF) on dynamic RON

are also characterized, which was measured using DPT with
various tOFF (i.e., 1, 3, and 5 µs) and maintaining other oper-
ating conditions the same (i.e., VGS,OFF, VDS,OFF, tON) [see
Fig. 11(a)]. The tOFF corresponds to the switching frequency in
the range of 100 kHz to 1 MHz, typically adopted in practical
applications. With a longer OFF-state stress period, the dynamic
RON degradation is alleviated [see Fig. 11(a)]. Similar trends are
also observed under operations with different negative VGS,OFF

[see Fig. 11(b)]. Dynamic RON shows a slightly stronger nega-
tive correlation with tOFF as VGS,OFF becomes more negative.
These trends further indicate the strong impacts of OFF-state
stress on dynamic RON caused by different OFF-state gate bias.

IV. MECHANISMS AND DISCUSSION

More negative OFF-state gate bias aggravates the dynamic
RON degradation under different operation conditions, which
could steam from the OFF-state stress and/or switching tran-
sients that could be both affected by VGS,OFF. The underlying
mechanisms are analyzed in this section to provide valuable
information for device driving schemes design.

The impact of VGS,OFF on the OFF-state stress and switching
transients should be analyzed separately to identify the dominant
factor. Fig. 12 shows the switch-OFF and switch-ON transient
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Fig. 13. (a) Schematic cross section to illustrate holes generation by impact
ionization and transport of holes to the buffer and the gate side. (b) Schematic
cross section and band diagrams under high drain voltage with different gate
bias.

waveforms of VDS and IDS during the double-pulse tests with
VDS,OFF of 300 V, ILoad of 8 A, and various VGS,OFF. The
switching transient waveforms almost entirely overlap and show
insignificant differences with various VGS,OFF, indicating that
VGS,OFF has negligible influence on the load lines under the
work conditions with moderate load current.

More evidence for excluding the influence of switching tran-
sients comes from the comparison between the dynamic RON

variations caused by different VGS,OFF (see Fig. 7) and that
caused by different load current (see Fig. 8). The dynamic RON

shows much weaker dependence on load lines [see Fig. 8(b)]
than on VGS,OFF [see Fig. 7(d)]. It indicates that the influence
of various VGS,OFF on dynamic RON degradation should not
be produced by affecting the load lines of switching transients.
Moreover, in soft switching tests, which have excluded the
impacts of switching transients, an increase of dynamic RON

with more negative VGS,OFF was still observed [see Fig. 10(b)].
It is concluded that the VGS,OFF should mainly impact dynamic
RON degradation during the OFF-state stress rather than via
affecting the switching transients.

A closer look at the impacts of OFF-state stress with different
gate and drain bias on dynamic RON could provide useful
indications to reveal the role of VGS,OFF during OFF-state stress.
As shown in Fig. 7(d), reduced dynamic RON degradation
was observed with VGS,OFF of 0 V and VDS,OFF increasing
from 200 to 400 V, indicating larger VDS,OFF contributes to
the dynamic-RON alleviation process. However, more negative
VGS,OFF aggravates the dynamic RON degradation, which be-
comes more serious with higher drain-bias stress. It suggests that
the alleviation process of dynamic RON degradation could only
occur with large VDS,OFF, and be hindered by negative OFF-state
gate bias.

At OFF-state with a high drain bias, trap states in the buffer
layer could be filled by electrons injected from source and
substrate, causing dynamic RON degradation. Meanwhile, im-
pact ionization is also initiated by the injected electrons in
the gate-to-drain access region, generating electron-hole pairs
[see Fig. 13(a)] [36]. Considering source-connected field plates,
impact ionization could occur mainly in the gate-drain edge and
field-plate edges near the drain side, where the high electric

field exists. The generated holes will be swept toward the lowest
potential at substrate and gate side [37], while electrons will flow
to the high-potential drain side. The holes flow to the gate side
will be collected by the gate edge close to the drain side [38],
or be blocked at the source end of the gate [39]. Few electrons
could overcome the gate-to-source energy barrier and reach the
source side access region. The holes flow to the buffer layer
could assist detrapping of the electron traps, and thus reduce
dynamic RON degradation [see Fig. 13(a)] [34]. With prolonged
OFF-state stress time, more holes could be generated by impact
ionization during OFF-state, and facilitate the suppression of
current collapse, resulting in smaller dynamic RON as shown
in Fig. 11(b). In addition to hole-assisted de-trapping, electron
trapping occurs meanwhile during the OFF-state stress. The
unchanged dynamic RON with VGS,OFF of 0 V after 1-µs stress
indicates a dynamic equilibrium reached between the trapping
and detrapping process.

The negative VGS,OFF has negligible impacts on the access-
region electric field at the OFF-state [40]. However, negative
VGS,OFF will raise the energy barrier under the gate [see
Fig. 13(b)], and suppress the source-to-drain leakage current
[18]. Thus, there will be fewer electrons causing impact ioniza-
tion, and the subsequent hole-assisted current collapse allevia-
tion process will be weakened. Meanwhile, negative VGS,OFF

will also affect the movement of holes. As is depicted, holes
mainly originate from impact ionization in the high electric field
region, i.e., gate-drain edge and field-plate edge. The generated
holes will be attracted to the gate side by negative VGS,OFF

[23], then the holes flowing to the buffer layer are reduced.
With more negative VGS,OFF at high drain bias, reduced holes
generation and suppressed holes flow to the buffer result in fewer
holes assisting the detrapping of buffer traps, so deteriorated
dynamic RON degradation is observed as shown in Figs. 7 and 10.
With temperature varying, the impacts of VGS,OFF on dynamic
RON degradation are expected to be more complicated, since
the electron trapping/de-trapping, impact ionization, carriers
transport have different temperature dependencies.

Limited by the current resolution of the onboard test, hole
leakage current cannot be directly tracked during the double
pulse measurement. Nevertheless, the impacts of VGS,OFF on
threshold voltage shifts (ΔVTH) under the OFF-state stress add
further weight to the suggested mechanism that hole flow can
be attracted to the gate side by negative gate bias. The VTH

shifts are characterized by pulsed transfer test, and related test
waveforms are illustrated in Fig. 6(b). The measurement result
with a drain bias of 0 V shows a positive ΔVTH when the
negative gate bias is applied [see Fig. 14(a)]. However, with
VDS,OFF of 100 V, negative VGS,OFF caused positive ΔVTH

to disappear [see Fig. 14(b)]. With higher VDS,OFF of 400 V,
even negativeΔVTH was observed with more negative VGS,OFF

[see Fig. 14(c)]. To exclude the impacts caused by different
drain-to-gate bias (VDG) at high VDS,OFF, pulsed transfer curves
with different VDG corresponding to VGS,OFF of 0, −2, −4, and
−6 V were measured [see Fig. 14(d)]. Almost no VTH difference
was observed. Additionally, the VDG,OFF variations was proved
to induce positive ΔVTH like Fig. 14(a), as holes will emit from
p-GaN and cannot be replenished timely when switched back to
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Fig. 14. Pulsed transfer measured using PIV system with various VGS,OFF

and VDS,OFF of (a) 0 V, (b) 100 V, and (c) 400 V. (d) Pulsed transfer measured
with different VDG,OFF and VGS,OFF of 0 V.

Fig. 15. Schematic band diagram along the p-GaN gate under a high VDS

and negative VDS,OFF to illustrate the role of holes in detrapping the trapped
electrons and recombination with ionized acceptors.

ON-state [25]. So, the negative shifts of VTH should be caused
by VGS,OFF rather than different VDG.

Due to large drain-bias stress, positive VTH shifts could be
caused by acceptor ionization in the AlGaN layer [29] and elec-
tron trapping in the p-GaN depletion region [41]. However, with
a negative VGS,OFF, the holes attracted to the gate side could
be trapped in the AlGaN layer or assist the detrapping in the
p-GaN layer (see Fig. 15), suppressing the positive ΔVTH. With
more negative VGS,OFF, contributors causing positive ΔVTH

are restricted more by larger holes flow, so that negative VTH

shifts were observed compared with VGS,OFF of 0 V. The VTH

shifts characterization verifies the holes flow to the gate side
with negative VGS,OFF. After the device is turned ON, slightly
increased RON was observed in the tests under harsh stress
conditions, i.e., with high VDS,OFF, large Iload, or negative
VGS,OFF [see Figs. 7 and 9). One possible reason is the recovery
of hole trapping in the AlGaN barrier near the gate edge or in
the gate region.

The holes generated by impact ionization do not only play
a key role in the VGS,OFF-dependent dynamic RON, but also
be applicable to explain the alleviated dynamic RON by larger
load current (see Figs. 8 and 9). Larger load current results in
more hot electrons during the switching transients, and triggers
more intense impact ionization. Thus, more holes are generated
to assist the electron detrapping, and alleviated dynamic RON

degradation was observed. In soft-switching tests, load current
is conducted with a low VDS at ON-state. Due to the absence
of high electric field, the hot electrons generation or impact
ionization initiated by Iload is quite weak to affect RON. To draw a
more general conclusion for different operating conditions [31],
[42], the impacts of OFF-state stress and switching transients
should be considered from two angles, i.e., electron trapping
and hole-assisted de-trapping. These two factors compensate
for each other and are both strongly dependent on current and
voltage level. It is worthy of further systematical investigation
to determine the dominant factor under specific operating con-
ditions.

Compared with the Schottky-type p-GaN gate HEMT, the GIT
introduces additional hole injection from the hybrid drain during
hard-switching transients [7] or from the gate at ON-state [3]. The
strong hole injection could overwhelm the impacts of the impact-
ionization-induced holes during OFF-state stress, weakening the
influence of VGS,OFF on dynamic RON.

V. CONCLUSION

In this article, the impacts of OFF-state gate bias (VGS,OFF)
on dynamic RON of Schottky-type p-GaN gate HEMTs are
investigated. A strong dependence of dynamic RON degradation
on VGS,OFF is observed. The influence of negative VGS,OFF is
attributed to two different mechanisms. With a negative VGS,OFF

during OFF-state stress, source-to-drain leakage current will be
reduced, as well as the subsequent holes generation by impact
ionization. In addition, the negative VGS,OFF will attract holes
to the gate side, and the holes flow to the buffer layer will be
further reduced. As a result, fewer holes arrived in the buffer
layer to assist in de-trapping electrons, worsening dynamic
RON degradation. By slightly prolonging OFF-state stress time,
the dynamic RON degradation aggravated by negative VGS,OFF

could be alleviated. In practical applications of GaN HEMTs, a
larger VGS,OFF within the limits of converters reliability is rec-
ommended to weaken current collapse and to reduce conduction
loss.
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