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Abstract—In this article, an empirical model of dynamic OFF-
state leakage current (IOFF) under switching operation in p-GaN
gate high-electron-mobility transistors is established based on its
underlying physical mechanism. The impacts of relevant switching
conditions, including switching frequency, duty cycle, OFF-state
delay time, gate drive voltage, and temperature are all considered
in the modeling of dynamic IOFF. A good agreement between
the modeled dynamic IOFF and experimental results is achieved.
Based on this model, the OFF-state power consumption (EOFF)
and OFF/ON-state power consumption ratio (EOFF/EON) under
dynamic switching operation can be predicted for various switching
conditions. As the device worked at a high switching frequency
(e.g., 1 MHz and duty cycle: 50%) with a gate drive voltage of
7 V and temperatures from 25 to 150 °C, the EOFF/EON ratio
is calculated from 0.53% to 0.07%, which is three to two orders
of magnitude higher than what is projected from static OFF-state
current characteristics.

Index Terms—Dynamic IOFF, empirical model, p-GaN gate
HEMT, physics-based.

I. INTRODUCTION

GaN-based high-electron-mobility transistors (HEMTs), with
their superior device properties, have gained increasing attention
in the next-generation high-frequency, high-power-density, and
high-efficiency power switching systems [1]–[3]. To be accepted
in the market, normally OFF operation is of critical importance
for the fail-safe operation and simplified gate drive topology [3].
Among several normally-OFF technologies [4]–[7], the p-GaN
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gate solution is a mainstream in the commercial GaN-based
power device market with a good balance among performance,
reliability, and cost [8]–[10]. Two types of gate contact between
the gate metal and p-GaN layer are currently adopted in the
commercial products, i.e., Ohmic-type [11] and Schottky-type
[16]. The Ohmic-type p-GaN gate HEMT has been developed
under the concept of gate injection transistor and has presented
impressive performance [12] and reliability [13]. A Schottky-
type gate contact to the p-GaN layer is the other approach for
the merits of reduced gate leakage current and a larger gate
swing [14]–[18].

Apart from the distinct gate characteristics, critical parameters
of currently available p-GaN gate HEMTs are subject to the
influence of various trapping effects under dynamic operation
conditions. In order to better understand and further predict the
device behaviors in power switching circuits, it is necessary to
characterize the device’s performance under dynamic operation
conditions.

Extensive investigation has been carried out to understand
and reduce the current collapse-induced dynamic ON-resistance
(RON) degradation in GaN-on-Si power HEMTs [12], [19]–
[22]. Besides, in Schottky-type p-GaN gate HEMT, because the
p-GaN layer is a “floating region” without a direct electrical
connection to any of the transistor’s three terminals, a drain-bias-
induced dynamic positive shift of threshold voltage (VTH) would
occur during switching operation [15], [23]. A sufficiently large
gate turn-ON voltage should be applied to overdrive this device
and overcome the VTH-shift-induced dynamic RON degradation
in practical power switching applications.

For the OFF-state characteristics, an important application-
relevant device dynamic behavior—dynamic OFF-state leakage
current (IOFF)—has been revealed in p-GaN gate HEMTs [24],
[25]. It is found that the IOFF under dynamic pulse-mode
operation is higher than the IOFF obtained in the quasi-static
measurement, and it is further enhanced with the ON-state hole
injection from the gate. The impacts of relevant switching condi-
tions, such as switching frequency, duty cycle, gate drive voltage,
and temperature on dynamic IOFF, were analyzed, and the
corresponding qualitative physical explanations were provided
[25]. The accurate modeling of dynamic IOFF could provide the
accurate estimation of OFF-state power consumption (EOFF) and
OFF/ON-state power consumption ratio (EOFF/EON) in practical
power switching circuits and systems.
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Fig. 1. Static I–V characteristics of a Schottky-type p-GaN gate HEMT. (a)
Forward IG–VGS characteristics. Inset: Semilog plot of IG–VGS (VDS = 0 V)
and ID–VGS (VDS = 1 V). (b) Output characteristics. (c) Quasi-static IOFF–
VDS characteristics with a gate bias of 0 V. The Si substrate is grounded.

In this article, we present an empirical model of dynamic IOFF

under switching operation for the Schottky-type p-GaN gate
HEMT. The model is established based on the physical under-
standings with the considerations of key switching conditions,
such as switching frequency, duty cycle, OFF-state delay time,
ON-state gate drive voltage, and temperature. A good agreement
between the modeled and measured results of dynamic IOFF is
achieved. This model facilitates the quantitative projections of
EOFF and EOFF/EON ratio under dynamic switching operation,
providing valuable guidance to quantify the impact of dynamic
IOFF, especially in the high-frequency power switching appli-
cations.

This article is organized as follows. Section II describes
the physical mechanisms of IOFF under static and dynamic
conditions in p-GaN gate HEMTs. A physics-based empirical
model of dynamic IOFF under switching operation is presented
in Section III. The corresponding results and discussion are
further shown in Section IV. Finally, the conclusion is drawn
in Section V.

II. PHYSICAL MECHANISMS OF IOFF UNDER STATIC AND

DYNAMIC CONDITIONS

The device used in this work is commercially available 650-V/
7.5-A p-GaN gate HEMTs from GaN systems [26]. The transfer
(VDS = 1 V) and IG-VGS (VDS = 0 V) curves are plotted in
Fig. 1(a). The device features a VTH of 1.35 V (at VDS = 1 V and
ID = 1 mA) with normally OFF operation. The forward ON-state
IG is ∼91 μA at VGS of 7 V and the ID/IG ratio is about 105,
which is attributed to the reverse-biased metal/p-GaN Schottky
junction [27]. A transition at VGS in the IG-VGS curve can be
identified. This is the turn-ON voltage of the gate hetero p-n
junction and the commencement of the ON-state hole injection

Fig. 2. (a) Waveforms of continuous soft-switching terminal voltages from a
pulsed I–V system for the measurement of dynamic IOFF. (b) Time-resolved
dynamic IOFF under the corresponding continuous soft-switching conditions.

[28]. From the output curves [see Fig. 1(b)], the static RON

is around 190 mΩ (at VGS = 7 V, VDS = 1 V, yielding an
ON-state current (ION) of 5.26 A). For the quasi-static IOFF, the
OFF-state drain leakage is mainly dominated by the lateral drain-
to-source leakage current when the drain bias ranges between 0
and 400 V and starts to be dominated by the vertical drain-to-
substrate leakage current when the drain bias exceeds 400 V, as
shown in Fig. 1(c). The quasi-static IOFF (IOFF,S) is ∼40 nA at
VDS of 400 V and the ION/IOFF,S ratio is more than 108.

Aiming at evaluating the dynamic IOFF under practical
switching operations, the ac voltage signals with continuous
soft-switching waveforms were generated and applied to the
device using a high-speed AMCAD pulsed I–V system, as shown
in Fig. 2(a). During each switching cycle, the device was first
stressed in the ON-state with a forward gate bias of VGSQ

and then switched to the OFF-state with a preset measurement
delay time (tdelay) for dynamic IOFF measurement. The pulsed
OFF-state VDS was varied within a narrow range from 398 to
400 V to mimic continuous switching at VDS ∼400 V. Under
the continuous soft switching specified above, dynamic IOFF

increases first and then saturates at a certain level after some
numbers of switching cycles (∼10 s), as shown in Fig. 2(b).

The mechanisms that govern the static and dynamic IOFF are
depicted in Fig. 3. Under the thermal equilibrium, the buffer
traps are only filled partially [29]. In the OFF-state, the electrons
are injected from the source to the buffer. In a quasi-static mea-
surement, the pre-empty traps are gradually filled by electrons
injected from the source to the buffer, as VDS is slowly increased.
The slow ramping rate allows sufficient time for the empty
traps to capture electrons, leading to the increased negative
space charges [see Fig. 3(a)]. The additional negative space
charges in the buffer layer (in the forms of ionized acceptor
traps or neutral donor traps) play the role of raising the energy
barrier in the leakage path and blocking the leakage current in
the static OFF-state [29]–[31]. Under switching operation with
a sufficiently large forward gate bias (i.e., gate overdrive) in
the ON-state, holes can be injected from the p-GaN layer to
the two-dimensional electron gas (2DEG) channel. These holes
could either recombine with electrons in the channel to emit
photons of 3.4 eV and pump electrons from the buffer traps
[32], [33] or further transport to compensate the buffer traps
with electrons [12]. Both processes could lead to the reduced



9798 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 9, SEPTEMBER 2021

Fig. 3. Schematic cross sections for explaining the static and dynamic IOFF

in p-GaN gate HEMT. (a) Quasi-static mode. (b) Switching operation. TCAD-
simulated distribution profile of OFF-state electron current density under (c)
quasi-static condition and (d) switching operation. (e) Energy band diagrams
under the channel in quasi-static condition and switching operation. In the gate-
to-source and gate-to-drain access regions, the leakage current flows through the
2DEG channel at the barrier/GaN heterointerface, as indicated in (a) and (b).

TABLE I
KEY PHYSICAL PARAMETERS USED IN SIMULATION

negative space charges under the gate in the buffer [see Fig. 3(b)].
As the device is switched to the OFF-state, the hole injection is
turned OFF, while the ionized traps would persist for a period of
time before recapturing electrons [34]–[36], leading to a lowered
energy barrier under the channel with increased dynamic IOFF

[see Fig. 3(e)].
Technology computer aided design (TCAD)-based numerical

simulation was performed using Synopsys software to reveal
the differences in IOFF under the quasi-static and dynamic
switching conditions [see Fig. 3(c) and (d)]. The key physical
parameters of simulated device structure are illustrated in Ta-
ble I. Electron/hole continuity equations and Poisson equation
are solved self-consistently in the simulation. Shockley–Read–
Hall recombination, Auger recombination, Radiative recombi-
nation, incomplete dopant ionization, doping-dependent trans-
port, thermionic emission, tunneling, Poole–Frenkel emission,
band narrowing, and impact ionization are all taken into account.

Under dynamic switching operation, a much broader lateral
leakage path around the depleted channel can be induced by
the ON-state hole injection, resulting in a higher dynamic IOFF

[see Fig. 3(d)].
A continuous reduction of negative space charges by the

injected holes in each cycle under switching operation leads to
an increase of dynamic IOFF. After certain number of switching
cycles, a steady state is reached when the rate of reduced elec-
trons in the buffer traps by the injected holes from the p-GaN
gate during the ON-state balances out the rate of recapturing
electrons facilitated by the leakage current during the OFF-state.
Such a balance results in a stable barrier to electron flow in the
leakage path of buffer and the stabilization of dynamic IOFF [see
Fig. 2(b)].

The saturated high dynamic IOFF with hole injection is
dominated by the lateral drain-to-source leakage current and
is determined by the energy barrier height under the gate [25].
A lower energy barrier under the gate could enhance electron
emission from source to drain that leads to a higher dynamic
IOFF. The barrier height under the gate is related to the number of
reduced negative space charges in the buffer, which is impacted
by both the detrapping (i.e., removal of trapped electrons by
holes) process in the ON-state and the trapping (i.e., recapturing
electrons for the ionized traps) process in the OFF-state.

With a larger tdelay, more electrons could be recaptured in the
buffer and a smaller dynamic IOFF is obtained. A larger duty
cycle under the same switching frequency (f) leads to a longer
ON-state duration time (ton) with stronger hole injection and a
shorter OFF-state time (toff) with a weaker electron-recapturing
process in each cycle. Thus, the dynamic IOFF becomes larger
with a larger duty cycle [see Fig. 2(b)]. As larger VGSQ leads to
stronger hole injection into the channel and buffer, more elec-
trons would be pumped out of or released from traps, resulting
in a higher dynamic IOFF. The increased ambient temperature
(T) would accelerate the electron-recapturing process in the OFF-
state, leading to a lower dynamic IOFF at higher temperatures.

In the following sections, we would focus on the influences of
tdelay, ton, toff, VGSQ, and T on dynamic IOFF. The experimental
section is based on the measurement results of dynamic IOFF

by using the high-speed AMCAD pulsed I--V system with fast
continuous switching waveforms [see Fig. 2(a)]. The pulsed
I–V system could generate relatively smooth waveforms with-
out oscillations. The saturated value of dynamic IOFF after a
certain number of switching cycles (∼10 s) is extracted for
the model establishment. The switching frequency (f) is set
to be 1/(ton+toff) and the duty cycle (D) is ton/(ton+toff). The
empirical model of dynamic IOFF will be developed based on
the physical understandings described in this section.

III. PHYSICS-BASED EMPIRICAL MODEL OF DYNAMIC IOFF

UNDER SWITCHING OPERATION

A. Influence of Measurement Delay Time

The quiescent ON-state gate bias VGSQ is first set at 7 V in the
model development to assure adequate yet safe gate overdrive
[26]. During the ON-state of each switching cycle, holes are
injected from the p-GaN gate to the underneath channel and
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Fig. 4. (a) Dynamic IOFF versus tdelay with different ton. (b) Extracted time
constant τ as a function of ton. The solid lines are fitting curves.

buffer layer, resulting in partial removal of trapped electrons in
the buffer layer below the channel. As the device is switched
to the OFF-state, the hole injection is turned OFF immediately,
while the ionized trap centers would be gradually filled with
electrons due to the limited recapturing rate of the traps [34]–
[36]. With a longer tdelay, dynamic IOFF is reduced as more
electrons can be effectively recaptured by the buffer traps. The
larger number of recaptured electrons would result in a raised
barrier in the leakage path and reduced recapturing rate in the
OFF-state. As a result, the dynamic IOFF (IOFF,D) versus tdelay
follows a stretched-exponential decay law [36]

IOFF, D (tdelay) = IOFF, D (0) exp

[
−
(
tdelay
τ

)β
]

(1)

where IOFF,D (0) is the value of dynamic IOFF at the moment
of switching OFF the hole injection, τ is the time constant for
the ionized traps to recapture electrons in the OFF-state, and β is
the decay exponent. As the minimum measurement delay time
is 2.5 μs in the pulsed I–V system, we started the fitting point
with tdelay = 2.5 μs by

IOFF, D (tdelay) = IOFF, D (2.5 μs)

× exp

[
−
(
tdelay
τ

)β

+

(
2.5 μs

τ

)β
]
.

(2)

It is found that the dynamic IOFF decay with tdelay after the
ON-state hole injection at the given ton, toff, and VGSQ could be
fitted well with a stretched-exponential equation, as shown in
Fig. 4(a). The fitting parameter of β is 0.2 and the time constant
τ is a function of ton [see Fig. 4(b)]. A smaller τ implies a
larger recapturing rate for the ionized traps in the OFF-state.
With a shorter ton in each cycle, less holes would be injected
into the region below the 2DEG channel, where the trapped
electrons, which are closer to the channel, would be ionized at
first. These ionized traps would be easier to recapture electrons
from the 2DEG in the source side due to the relatively shorter
space distance, resulting in a larger recapturing rate. A fitting
function of τ about ton is provided as follows:

τ = τ (ton) = τ0 − τ1 exp

(
− ton

τ2

)
. (3)

Fig. 5. (a) Dynamic IOFF versus ton. (b) Dynamic IOFF versus toff with
different ton. The solid lines are fitting curves.

B. Dependence of Dynamic IOFF on the ON-State Duration
Time

Under practical switching operation with continuous wave-
forms, dynamic IOFF is saturated due to a balanced trap-
ping/detrapping process of buffer traps in each switching cycle.
The saturated value of dynamic IOFF is related to the number of
ionized buffer traps at the balanced level, which is influenced by
the switching frequency and duty cycle. As a result, the starting
point of fitting [i.e., IOFF,D (2.5 μs)] in each cycle is a function
of ton and toff, given by

IOFF,D (2.5 μs) = I (ton, toff , tdelay) = I (ton, toff , 2.5 μs) .
(4)

This fitting was established with a fixed tdelay of 2.5 μs to
identify the dependence of IOFF,D (2.5 μs) on ton and toff. First,
we started the fitting with a fixed toff of 4 μs (the minimum
pulsewidth of OFF-state). With fixed toff and tdelay, dynamic IOFF

at the balanced level would increase with longer ton that results
in larger number of holes injected to the buffer at ON-state in each
cycle. The more there are injected holes, the more buffer traps
would be ionized. The number of ionized traps with the increase
of ton would gradually be saturated as a result of the reduced
unionized electron traps in the buffer layer under the gate. As
a result, the dynamic IOFF versus ton follows a complementary
exponential function. The measurement data could be well fitted
by the following equation, as shown in Fig. 5(a):

I (ton, 4 μs, 2.5 μs) = A1 −A1 exp

(
− ton
B1

)
(5)

where A1 (unit: A) is the value of dynamic IOFF when the
number of ionized electron traps reaches its saturation with the
certain levels of ON-state hole injection and OFF-state recapturing
process (e.g., VGSQ = 7 V, toff = 4 μs, and tdelay = 2.5 μs). B1

is the fitting parameter (unit: s) associated with the ON-state
detrapping process (i.e., ionization of electrons from traps).

C. Dependence of Dynamic IOFF on the OFF-State
Recapturing Time

With the increase of toff for a given ton and tdelay, dynamic
IOFF at the balanced level decreases due to the enhanced recap-
turing electron process in the OFF-state for each cycle. The longer
the toff is, the more electrons can be recaptured in each cycle,
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Fig. 6. (a) Extracted parameter of C as a function of ton. Simulated hole
density distribution profile with (b) ton = 0.2 ms and (c) ton = 1 ms (VGSQ =
7 V).

leading to the reduced ionized traps in the buffer at the balanced
level. The reducing rate of dynamic IOFF with the increase of toff
would gradually be slower due to the reduced recapturing rate in
the OFF-state with a diminishing number of ionized traps. So, the
dynamic IOFF versus toff follows a stretched-exponential decay
law [see Fig. 5(b)]. Because the minimum OFF-state recapturing
time toff in the measurement setup is 4 μs, we fit the dynamic
IOFF versus toff by

I(ton, toff , 2.5μs) = I(ton, 4μs, 2.5μs)

∗ exp
[
−
(
toff
C

)D1

+

(
4μs

C

)D1

]
+ I0

I0 = A2 ∗ I (ton, 4μs, 2.5μs) (6)

where I (ton, 4 μs, 2.5 μs) is the function about dynamic IOFF

versus ton with a fixed toff of 4μs and tdelay of 2.5μs [i.e., (5)]. C
is the fitting parameter (unit: s) associated with the recapturing
process in the OFF-state, and D1 is the decay exponent. I0
represents the current when all the ionized traps are recovered
with long enough toff, when only one cycle of hole injection
could lead to a value of dynamic IOFF at a certain tdelay. The
model based on (6) can very well fit the measured dynamic IOFF

as a function toff, as shown in Fig. 5(b).
It is found that the fitting parameter C is also a function of ton

[see Fig. 6(a)], as extracted from the fitting curves in Fig. 5(b).
A smaller C implies a larger recapturing rate for the ionized
traps in the OFF-state with a certain period of toff. With a shorter
ton, there are less holes injected to the buffer region under the
gate, as indicated by the hole density distribution profiles from
TCAD simulation [see Fig. 6(b) and (c)]. Thus, only the traps
closer to the channel are deionized or detrapped. As these empty
traps are physically closer to the 2DEG channel of the access
region on the source side, it is easier for them to recapture
electrons at the OFF-state, resulting in a larger recapturing rate.
With longer ton, more holes are injected and penetrate deeper
into the buffer for detrapping [see Fig. 6(c)]. When it comes
to electron trapping under high-drain-bias OFF-state, the deeper
traps would effectively exhibit a longer recapture time, as they
are physically further away from the source of electrons (i.e.,
the 2DEG channel in the access regions).

Fig. 7. Measured and modeled IOFF,D (2.5 μs) versus ton and toff.

Fig. 8. (a) Dynamic IOFF versus tdelay with different VGSQ. (b) Extracted
time constant τ as a function of VGSQ. The solid lines are fitting curves.

A fitting function of C on ton is given by

C = C (ton) = C0 − C1 exp

(
− ton
C2

)
. (7)

Based on the empirical model, as depicted by (6) and (7), a
function of the starting point of fitting [i.e., IOFF,D (2.5 μs)]
about ton and toff could be obtained. An excellent fitting is
achieved between the modeled and the measurement results for
various ton and toff, as shown in Fig. 7.

D. Influence of the on-State Gate Drive Voltage

For the Schottky-type p-GaN gate HEMT, the p-GaN layer is
a “floating region” without a direct electrical connection to any
of the transistor’s three terminals. Due to the floating nature
of p-GaN layer, a drain-bias-induced dynamic positive shift
of VTH would occur during switching operation [15], [23]. A
sufficiently high VGSQ (≥6 V) is essential to provide an adequate
gate overdrive to overcome the VTH-shift-induced dynamic RON

degradation in practical switching applications [15]. Meanwhile,
with VGSQ > 5 V, a high dynamic IOFF induced by the ON-state
hole injection could be observed [25]. Because the upper bound
of the gate drive voltage is 7 V [26], we develop the dynamic
IOFF model with VGSQ in the range of 6 and 7 V.

Dynamic IOFF with dependence on tdelay under different
VGSQ could be well fitted using (2) [see Fig. 8(a)]. It is found that
the time constant τ is the function of VGSQ [see Fig. 8(b)]. As
smaller VGSQ results in less injection holes, τ would be smaller
with a larger recapturing rate. The fitting function of τ about
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Fig. 9. (a) Dynamic IOFF versus ton with different VGSQ. (b) Extracted
parameters of A1 and B1 as a function of VGSQ. (c) Dynamic IOFF versus
toff with different VGSQ. (d) Extracted parameter of C as a function of VGSQ.
The solid lines are fitting curves.

VGSQ is provided as follows:

τ = τ (VGSQ) = τ (7 V) exp

[
−
(
7− VGSQ

Q1

)Q2

]
. (8)

The impacts of ton and toff on dynamic IOFF with different
VGSQ could be well fitted using (5) and (6), respectively [see
Fig. 9]. For the dynamic IOFF-ton relation under different VGSQ,
as larger VGSQ leads to stronger hole injection into the buffer
and deeper penetration depth, more electrons are pumped out of
or released from traps, resulting in a higher dynamic IOFF and a
larger fitting parameter of A1. Besides, with a higher VGSQ for
more injected holes, dynamic IOFF-ton relation shows a faster
speed for its saturation (i.e., A1), leading to a smaller fitting
parameter of B1. The fitting functions of A1 and B1 about VGSQ

are given as follows:

A1 = A1 (VGSQ) = A1 (7 V) exp

[
−
(
7− VGSQ

Q3

)Q4

]

(9)

B1 = B1 (VGSQ) = B1 (7 V) exp

[(
7− VGSQ

Q5

)Q6

]
.

(10)

The fitting parameter C extracted from Fig. 9(c) is also a
function of VGSQ. With a smaller VGSQ results in less injection
holes, C would be smaller with a larger recapturing rate. A fitting
function of C on VGSQ is given by

C = C (VGSQ) = C (7 V) exp

[
−
(
7− VGSQ

Q7

)Q8

]
.

(11)

Fig. 10. (a) Dynamic IOFF versus tdelay with different temperatures. (b)
Extracted time constant τ as a function of temperature. The solid lines are fitting
curves.

Fig. 11. (a) Dynamic IOFF versus ton with different temperatures. (b) Ex-
tracted parameters of A1 and B1 as a function of temperature. (c) Dynamic
IOFF versus toff with different temperatures. (d) Extracted parameter of C as a
function of temperature. The solid lines are fitting curves.

E. Impact of Ambient Temperature

Apart from the various switching conditions, the temperature
is also an important impactful factor to dynamic IOFF. In practi-
cal switching applications, the power device would operate at a
high-voltage/high-current state with high junction temperature.
Dynamic IOFF with dependences on tdelay, ton, and toff under
different temperatures could be well-fitted using (2), (5), and
(6), respectively, as shown in Figs. 10 and 11.

The dynamic IOFF-tdelay relation under different tempera-
tures and the corresponding time constant τ are plotted in Fig. 10.
τ was found to follow an exponential decay function against
temperature, as shown in Fig. 10(b), indicating the presence of an
activation energy Ea in the process of electrons being recaptured
by traps [34]–[36]. After the ON-state hole injection, the ionized
traps would recapture electrons injected from the source side
of the 2DEG channel. In such a recapturing process, electrons
from the source need to overcome an energy barrier to be injected
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into the buffer under the gate. Under higher temperatures, more
electrons could overcome the barrier to accelerate the recovery
process of dynamic IOFF with a smaller τ . The magnitude of Ea

can be extracted from the following equation [36]:

τ = τ0 exp

[
Ea

kT.

]
(12)

where τ0 is the limit of decay time at elevated temperature, k
is the Boltzmann constant, and T is the ambient temperature
(absolute temperature). The calculated Ea is 0.6 eV from the
extracted τ in Fig. 10(b) and the fitting function of τ about T is
provided as follows:

τ = τ (T ) = τ (25 ◦C) exp
[
−
(
T − 25 ◦C

T1

)]
. (13)

For the dynamic IOFF-ton relation under different tempera-
tures [see Fig. 11(a)], the fitting parameter A1 is smaller with
the increase of temperature due to the accelerated electron-
recapturing process in the OFF-state with reduced dynamic
IOFF. Meanwhile, at elevated temperature, more holes could
be injected into the buffer with a higher IG at the same VGSQ

[33]. Dynamic IOFF-ton relation exhibits a faster speed for its
saturated level (i.e., A1), leading to a smaller fitting parameter
of B1. The fitting functions of A1 and B1 about T are provided
as follows:

A1 = A1 (T ) = A1 (25 ◦C) exp

[
−
(
T − 25 ◦C

T2

)T3

]

(14)

B1 = B1 (T ) = B1 (25 ◦C) exp

[
−
(
T − 25◦C

T4

)T5

]
.

(15)

The fitting parameter C extracted from the dynamic IOFF

versus toff curves [see Fig. 11(c)] at higher temperature is smaller
owing to the accelerated OFF-state electron-recapturing process.
A fitting function of C on T is shown as follows:

C = C (T ) = C (25 ◦C) exp

[
−
(
T − 25 ◦C

T6

)T7

]
. (16)

As a result, a model of dynamic IOFF as a function of the OFF-
state delay time (tdelay), frequency [f = 1/(ton+toff)], duty cycle
[D= ton/(ton+toff)], gate drive voltage (VGSQ), and temperature
(T) is summarized as follows:

IOFF, D (tdelay, f, D, VGSQ, T )

= exp

[
−
(
tdelay
τ

)β

+

(
2.5 μs

τ

)β

]∗[A1−A1 exp

(
− D

fB1

)]

∗
{
exp

[
−
(
1−D

fC

)D1

+

(
4 μs

C

)D1

]
(17)

where

τ = τ (f, D, VGSQ, T ) =

[
τ0 − τ1 exp

(
− D

fτ2

)]

∗ exp
[
−
(
7− VGSQ

Q1

)Q2

]
∗ exp

[
−
(
T − 25 ◦C

T1

)]

Fig. 12. Modeled and measured dynamic IOFF versus frequency with differ-
ent (a) VGSQ and (b) temperatures.

A1 = A1 (VGSQ, T ) = A1 (7 V, 25 ◦C)

∗ exp
[
−
(
7− VGSQ

Q3

)Q4

]
∗ exp

[
−
(
T − 25 ◦C

T2

)T3

]

B1 = B1 (VGSQ, T ) = B1 (7 V, 25 ◦C)

∗ exp
[(

7− VGSQ

Q5

)Q6

]
∗ exp

[
−
(
T − 25 ◦C

T4

)T5

]

C = C (f, D, VGSQ, T ) =

[
C0 − C1 exp

(
− D

fC2

)]

∗ exp
[
−
(
7− VGSQ

Q7

)Q8

]
∗ exp

[
−
(
T − 25◦C

T6

)T7

]

ton =
D

f
, toff =

1−D

f
, (6 V ≤ VGSQ ≤ 7 V) .

IV. RESULTS AND DISCUSSION

According to (17), the modeled dynamic IOFF versus fre-
quency under different VGSQ and temperature with VGS,OFF =
0 V, VDS ∼ 400 V, tdelay = 2.5 μs, and duty cycle = 50% is cal-
culated in Fig. 12 with the corresponding measurement results.
The modeled results could agree well with the experimental data.

Also, by using the closed-form empirical model of dynamic
IOFF, the dynamic IOFF induced OFF-state power consumption
EOFF,D in each cycle can be calculated. For any given switching
conditions with a certain switching frequency, duty cycle, gate
drive voltage, and temperature, dynamic IOFF in each cycle is
the function of time [IOFF,D (t)], following the dynamic IOFF-
tdelay relation. The EOFF,D could be calculated by integrating
IOFF,D (t) during the OFF-state time (toff = (1−D)/f) and then
multiplying by VDS, as follows:

EOFF,D = VDS ∗
∫ 1−D

f

0

IOFF,D (t) dt. (18)

The static EOFF (EOFF,S) and the ON-state power consump-
tion, EON can be calculated as follows:

EOFF,S = VDS ∗ IOFF,S ∗ 1−D

f
(19)

EON = ION
2 ∗RON,D ∗ D

f
. (20)
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Fig. 13. Modeled (a) EOFF, (b) EOFF/EON ratio, (c) average dynamic IOFF,
and (d) ION/average dynamic IOFF ratio versus frequency with different VGSQ

under room temperature. The corresponding static OFF-state characteristics are
also calculated.

For the 650-V/7.5-A p-GaN gate HEMT, the ION is set to
be 7.5 A for the ON-state loss calculation and RON,D is the
dynamic RON measured by a pulsed I--V system with a qui-
escent drain bias (VDSQ) of 400 V. Under room temperature,
the dynamic IOFF induced EOFF (EOFF,D), EOFF,D/EON ratio,
average (AVG) dynamic IOFF in the OFF-state, and ION/AVG
dynamic IOFF ratio are calculated from 10 kHz to 1 MHz with
a duty cycle of 50% and different VGSQ, as shown in Fig. 13.
With the p-GaN gate HEMT operating at the high switching
frequency of 1 MHz with the gate drive voltage from 6 to 7 V,
the ION/AVG dynamic IOFF ratio is calculated from 6.7 × 105

to 4.3 × 104, which is two to three orders of magnitude lower
than the ION/static IOFF ratio. The higher dynamic IOFF leads
to a larger EOFF. The EOFF,D/EON ratio is calculated from
0.034% to 0.53% with VGSQ from 6 to 7 V at 1 MHz, indicating
sufficiently low OFF-state power consumption. If the switching
frequency is lower at 100 kHz, the EOFF,D/EON ratio increases
to 1.5% at a VGSQ of 7 V, suggesting that the OFF-state power loss
should be taken into account in the power efficiency estimation.

The temperature-dependent results are calculated and sum-
marized in Fig. 14. At higher temperature, electron mobility
becomes smaller and RON,D would increase with a higher EON

[see Fig. 14(d)]. An increase in temperature could enhance
electron emission over the energy barrier in the leakage path,
resulting in the increase of static IOFF (IOFF,S). Meanwhile, the
electron-recapturing process in the OFF-state at higher tempera-
tures would be accelerated, facilitating the recovery process of
dynamic IOFF with reduced EOFF,D [see Fig. 14(a)].

Unlike the AVG dynamic IOFF in the OFF-state at room
temperature, which is negatively correlated with frequency
due to the decreased ON-state duration time (ton) with weaker
hole injection in each cycle, the AVG dynamic IOFF at high

Fig. 14. Modeled (a) EOFF, (b) average dynamic IOFF, and (c) EOFF/EON

ratio versus frequency with different ambient temperatures. (d) RON,D and
IOFF,S versus temperature. The corresponding static OFF-state characteristics
are also calculated.

TABLE II
VALUES OF FITTING PARAMETERS EMPLOYED IN (17)

temperature (e.g., 150 °C) would show a positive correlation to
frequency [see Fig. 14(b)]. At a higher temperature, the OFF-state
carrier-recapturing process is enhanced. With the increase of
frequency at a duty cycle of 50%, the shorter OFF-state time
(toff) in each cycle with a weaker electron-recapturing process
would become the dominant factor, leading to the increase of
AVG dynamic IOFF. With the p-GaN gate HEMT operating at a
gate drive voltage of 7 V and a high temperature of 150 °C, the
AVG dynamic IOFF is about two orders of magnitude higher
than the static IOFF, and the EOFF,D/EON ratio is calculated to
be 0.06%–0.07% with the frequency from 100 kHz to 1 MHz
[see Fig. 14(c)], indicating that a high junction temperature
in real applications for the p-GaN gate HEMTs has a positive
effect on the reduction of dynamic IOFF.

The corresponding values of fitting parameters in (17) used
for the calculation of power loss are given in Table II. The
fitting parameters are extracted using the Origin software by
Chi-Square method with minimum standard error. For the dy-
namic IOFF issue in other types of p-GaN gate HEMTs, the
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fitting parameters in (17) could be tuned to model devices
manufactured by different companies.

It should be noted that applying a sufficiently large negative
gate turn-OFF voltage (e.g., VGS,OFF ≤ -3 V) is an effective
strategy to minimize the dynamic IOFF and EOFF in practical
switching applications [25]. However, the negative VGS,OFF

does have an adverse effect in which it would raise the HEMT
device’s reverse turn-ON voltage (VR-T) that results in larger
reverse conduction loss, as VR-T is determined by VGS,OFF

and VTH (VR-T = |VGS,OFF−VTH|). To eliminate such larger
reverse conduction loss induced by negative VGS,OFF, an inte-
grated antiparallel diode can be implemented. For example, a
p-GaN gate HEMT with distributed built-in Schottky barrier
diode (SBD) has been recently developed with a good bal-
ance between the forward and reverse conduction [38]. The
built-in SBD provides a low reverse turn-ON voltage, which
is independent of the VTH and VGS,OFF. Besides, this device
exploits the common access region in both forward conduction
and reverse conduction; thus, an area-efficient solution with
minimized reverse conduction loss could be achieved.

V. CONCLUSION

A physics-based empirical model of dynamic IOFF under
switching operation in p-GaN gate HEMT is established by
the considerations of switching frequency, duty cycle, OFF-state
delay time, ON-state gate drive voltage, and temperature. The
modeled dynamic IOFF shows a good agreement with the mea-
surement results. By using this model, the corresponding OFF-
state power consumption and OFF/ON-state power consumption
ratio under dynamic operation could be accurately estimated in
applications featuring different switching conditions, providing
valuable guidance to evaluate the impact of dynamic IOFF.
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