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Abstract—This article aims to evaluate the depletion-mode gal-
lium nitride high electron mobility transistor (d-mode GaN HEMT)
using direct-drive gating and double pulse test to assess switching
energy. The gate driving circuit features a modified cascode struc-
ture for “normally OFF” operation and a charge-pump circuit to
supply a negative gate voltage for turn-OFF operation. This article
described these features theoretically and validated with experi-
mental results. Similar to enhancement-mode power MOSFETs or
HEMTs, adjusting the gate drive resistance can affect the switching
speed and associated losses, but the d-mode GaN HEMTs present
an additional feature with turn-OFF loss reduction through gate
voltage control. Thus, the main contribution of this article is to
propose and demonstrate significant turn-OFF loss reduction using
the direct-drive approach for d-mode GaN HEMTs.

Index Terms—Direct drive, d-mode gallium nitride high electron
mobility transistor (d-mode GaN HEMT), double-pulse-test (DPT),
gate driving, modified cascode, normally OFF, normally ON.

I. INTRODUCTION

WHILE the depletion-mode (d-mode) gallium nitride
(GaN) high electron mobility transistor (HEMT) typ-

ically exhibits “normally ON” characteristic, it can be connected
in series with a low-voltage silicon (Si) MOSFET to achieve “nor-
mally OFF,” which is regarded as a “cascode” device. Conven-
tionally, the cascode device ties the gate pin of the GaN HEMT to
the source pin of the MOSFET to form a negative voltage between
GaN HEMT gate and source [1], [2]. This conventional cascode
approach is susceptible to electrical overstress and additional
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energy loss mechanisms [3]. In addition, the input capacitance of
the MOSFET can cause the switching delay. However, this cascode
approach is relatively straightforward and cost-effective as long
as the MOSFET is well-selected.

Alternatively, it is possible to make normally-OFF devices
using gate-injection transistor or by adopting a p-type GaN gate
to lift the potential of the heterojunction [3], [4]. The result-
ing device is considered an enhancement mode (e-mode) GaN
HEMT, which requires a positive gate voltage to turn it ON. The
major concern with the e-mode GaN is its low threshold voltage
and narrow range that requires a meticulous circuit design to
prevent it from false triggering.

Another approach to render the d-mode GaN “normally OFF”
is a modified cascode design, which employs a charge-pump
circuit to provide a negative voltage during turn OFF and zero or
slightly above zero during turn ON [5]. In [6], [7], [8], [9], and
[10], the charge-pump circuit is simplified by adding a capacitor
in series with the gating path that stores the charge when the
gate drive output is positive and discharges when the gate drive
output is low, thus providing a negative voltage to turn OFF the
GaN HEMT. In addition, a diode is connected between the gate
of GaN HEMT and the source of Si MOSFET to clamp the gating
voltage to zero during turn ON and to prevent false turn-ON during
the initial power-up. With only a set of small RC components,
this modified cascode structure using charge-pump circuit is also
cost effective.

Instead of using charge-pump approach, there exists an inte-
grated circuit that integrates a gate driver, a built-in buck–boost
converter to provide negative gate voltage, and a d-mode GaN
HEMT [11], [12]. Such a direct-drive approach has presented
several advantages, such as mitigating noise induced by parasitic
components, overcoming limitation of Si MOSFET dv/dt, and
reducing its induced switching delay [13], [14], [15]. The major
drawback of the integrated approach is lack of gate-drive voltage
adjustment flexibility to adapt to different converter circuits or
different operating modes for possible loss reduction.

The main aspect of adopting direct-drive approach in this
study is to take the advantage of the fast switching nature of
the d-mode GaN HEMT while avoiding the noisy switching
caused by the Si MOSFET in a conventional cascode device. An
in-house developed GaN HEMT is utilized and tested under
double pulse test (DPT) condition to characterize its switching
performance. A commercially available silicon carbide Schot-
tky diode is adopted as the freewheeling device to avoid the
reverse recovery effect under the GaN device turn-ON transient
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condition. A printed circuit board (PCB) with low parasitic
inductance is designed to minimize the switching delays and
associated losses. The device voltage is monitored with high
bandwidth probes, and the device current is measured using
a high-precision inductance-less current viewing resistor [16].
Despite using a high-bandwidth monitoring setup, the test re-
sults still need to undergo a de-skew process [17]. The device
current magnitude needs to be calibrated with inductor current
to ensure accuracy. Switching energy is obtained by integrating
the product of device voltage and current.

Extensive testing has revealed that the d-mode GaN HEMT
switching behavior closely resembles that of MOSFET device with
a notable difference showing its ability to increase the gate driv-
ing voltage magnitude to accelerate the switching speed, which
is indeed a desirable feature in applications where turn-OFF

loss predominates the switching loss, such as a dc–dc converter
operating under discontinuous conduction mode or critical con-
duction mode (CRM) [18], [19], and soft switching converters
operating under quasi-resonant mode with zero-voltage switch-
ing (ZVS) or near ZVS conditions [20], [21].

It should be noticed that the increase of gate driving voltage
magnitude will increase the reverse conduction voltage drop
before synchronous rectification engages [10], [11], [12]. There-
fore, adopting the direct drive approach should pay attention to
the tradeoff between turn-OFF loss reduction and the increase
of the reverse conduction voltage drop. For nonbridge type
converter circuits like quasi-resonant flyback and CRM buck and
boost converters, the direct-drive approach is always advanta-
geous because their switches do not enter the reverse conducting
mode.

The rest of this article is organized as follows. Section II
presents an overview of the d-mode GaN HEMT utilized in
the characterization study. The direct gate drive circuit and its
basic operation follow in Section III. The DPT test circuit and
experimental setup are given in Section IV. Section V presents
the initial power-up test results. Section VI analyzes the switch-
ing loss by varying gate drive resistance and gating voltage.
Sections VII delves into the measurement issues associated with
GaN HEMTs. Finally, Section VIII concludes this article. Key
contribution is to propose turn-OFF loss reduction method by
controlling the gate drive voltage for direct-driven d-mode GaN
HEMTs.

II. D-MODE GAN HEMT STRUCTURE AND INTERNAL LAYOUT

The device evaluated in this study is an in-house devel-
oped GaN metal-insulator-semiconductor (MIS) HEMT. The
MIS-HEMT adopts a low-cost silicon substrate and places a
GaN/AlGaN buffer layer atop. A GaN layer is deposited on top of
the buffer layer, followed by an AlN space layer, a thick AlGaN
barrier layer, and finally a GaN capping layer. Its source and
drain ohmic contact are created by evaporating the Ti/Al/Ni/Au
multilayer metal-stack, and the metal gate electrode is insulated
by a low-pressure chemical vapor deposition (LPCVD) silicon
nitride (SiN) layer [22], [23], [24]. The density of the SiN
insulator deposited by LPCVD is much higher due to the higher
deposition temperature (800–900 °C) compared to conventional

Fig. 1. In-house developed GaN packaged in 5 × 6 DFN footprint. (a) Active
chip area in red frame. (b) Top view of bonding drawing. (c) Bottom view.

TABLE I
KEY PARAMETERS OF THE HEMT DEVICE USED IN THIS STUDY

plasma-enhanced chemical vapor deposition (< 400 °C), re-
sulting in better quality of the SiN gate insulator and GaN/SiN
interface [25], [26], [27].

The experimental device has a gate width of 120 mm and
is packaged in a standard 5 × 6-mm dual-flat no-leads (DFN)
footprint. Fig. 1 illustrates (a) active chip area of the bare die
in a red frame, (b) top view of wire bonding drawing, and (c)
bottom view of the package. The dimension of the bare die is
3897 × 2316-µm. The wire bonds consist of 15 bond wires each
for both drain and source and one wire for the gate. The pinout
follows the industry standard with pins 1, 2, and 3 as the source,
pin 4 as the gate, and pins 5, 7, 8, and 9 as the drain. Pad 6 is
tied to the source for heat dissipation.

Key parameters of the HEMT device used in the experiment
are listed in Table I.

III. DIRECT DRIVE GATING CIRCUIT OPERATIONS

Fig. 2 depicts the direct-drive gating circuit using a charge
pump to provide a negative voltage for the device to turn OFF. A
diode Dp is connected in between the gate pin of HEMT (GH)
and the source of MOSFET (or ground) such that the voltage
at GH is clamped to ground when Dp is conducting under
gate-ON condition. This clamping diode Dp not only serves as
the clamping purpose, but also provides the initial power-up
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Fig. 2. Direct drive using charge pump for a modified cascode device.

Fig. 3. Device voltage waveforms under repetitive double-pulse operation.

protection to prevent the normally-ON HEMT from conducting
before the pulsewidth-modulation (PWM) operation.

The driving circuit for Si-MOSFET only works under the initial
startup condition. Rg1 is selected to have sufficient time constant
on the MOSFET gating circuit to slow down the MOSFET turn-ON

under the initial startup and to allow charge pump capacitor
voltage established before the regular PWM switching starts. For
Rg2, it needs to be large enough to never turn OFF the MOSFET

under PWM switching after initial startup. The actual PWM
switching only turns ON and OFF GaN-HEMT while MOSFET

remains on all the time, which is the essence of the direct drive.

A. First Pulse Turn-On

With the normally-ON d-mode GaN, it is important that adding
a low-voltage MOSFET can block the current flow. During the
initial power-up with a negative gate voltage applied to the
HEMT. Fig. 3 depicts the conceptual voltage waveforms under
a repetitive double pulse train that repeats the operation from
t0 to t10 for a long period, which resembles to the burst-mode
operation of a converter circuit under light load conditions. For
each pulse train, the initial vgs-H is negative and vgs-M is zero,
so both devices are initially turned OFF. The voltage from drain

of HEMT and the source of MOSFET (vds) is shared by the
drain-source voltages of HEMT (vds-H) and MOSFET (vds-M),
or

vds = vds−H + vds−M . (1)

From t0 to t1:
When the first pulse is applied at t0, vgs-M, and vCp get

charged. From t0 to t1, the MOSFET gate-source voltage vgs-M
reaches the threshold voltage Vth-M, and the MOSFET current
builds up at t1. The turn-ON process during period t0-t1 is similar
to that of the traditional power MOSFET. Equation (2) expresses
the gate-source voltage as a function of time [28]

vgs−M (t) = Vg

(
1− e−t/τM

)
(2)

where τM = Rg1�Ciss-M and Ciss-M = Cgs-M + Cgd-M. At
t1, vgs-M reaches the threshold voltage Vth-M, and the MOSFET

conducts. For a given Vth-M, the period from t0 to t1 (or t01) can
be calculated in

t01 = τM ln

(
1−

∣∣∣∣Vth−M

Vg

∣∣∣∣
)
. (3)

From t1 to t2:
The operation in this period is quite different from that of

the conventional power MOSFET or e-mode HEMT because the
GaN HEMT starts conducting, which affects the bottom MOSFET

operation. Instead of charging Ciss-M during the time period t01,
the time period from t1 to t2 (or t12) relates to the charge of
the HEMT input capacitance Ciss-H. The above equations can
be applied but with the change of parameters from the bottom
MOSFET to the top HEMT. The entire t12 is the period that moves
the HEMT gate-source voltage from –Vg to –Vth-H. At t2, we
have

vds−M (t2) = −Vth−H (4)

vgs−H (t2) = −vds−M (t2) = Vth−H . (5)

With the gate-source voltage of HEMT reaching the threshold,
the current shuts OFF, and vds-H remains at zero. The total drain-
source voltage becomes

vds (t2) = vds−H + vds−M = −Vth−H . (6)

The period is typically very short and is dependent on gate
drive resistances and the HEMT threshold voltage.

From t2 to t3:
At t2, the HEMT starts conducting, and its gate current starts

charging the gate-drain capacitance (Cgd). The t23 period is the
well-known plateau period, during which, the HEMT device
current builds up.

From t3 to t4:
At t3, the gate-source of HEMT vgs-H continues rising by the

gate charge. At t4, vgs-H is fully charged with a voltage equal to
the clamping diode (Dp) voltage drop. During t34, with device
current conducting, vds-M and, thus, vds drop from –Vth-H down
to the conducting voltage drop ids�Rds.

Regarding the charging path on the charge pump capacitor
(Cp) loop, the positive gate supply voltage Vg charges Cp through
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Fig. 4. Gating-OFF current path showing charge-pump capacitor discharging
through gate driver.

the turn-ON resistor Rg-on and clamping diode Dp. Similar to (2),
the voltage across Cp can be expressed in

vcp(t) = Vg(1− e−t/τp) (7)

where τp = Rg-on�Cp. The charging rate can be adjusted by
selecting Rg-on and Cp values. Under the steady-state condition,
vCp = Vg – Vf-Dp, where Vf-Dp is the forward voltage drop
of diode Dp. The charge pump capacitor Cp needs to be large
enough to maintain sufficiently high voltage for HEMT turn-OFF

but low enough to allow fully charged during turn-ON period. For
Rg-on, the gate driver internal resistance needs to be factored in
for charging time estimate. The example gate driver used in our
setup has an internal turn-ON resistance of 5 Ω.

B. First Pulse Turn-Off

Similar to the turn-ON gating paths, the gating-OFF current
path can be illustrated in Fig. 4. Under the gate-OFF condition,
the MOSFET is intended to stay on by selecting a large Rg2 to hold
the MOSFET gate-source voltage sufficiently high. The switching
action only applies to the HEMT.

From t5 to t6:
The bottom N-type device of the gate driver output stage is

turned ON at t5 when vdpt signal becomes zero. The charge pump
capacitor Cp is, thus, discharged through Rg-off. At t6, vgs-H
drops to the threshold voltage of HEMT, or

vgs−H (t6) = Vth−H . (8)

From t6 to t7:
The drain-source voltage of HEMT (vds-H) starts rising at

t6. At t7, vds-H reaches the dc bus voltage Vdc, and the device
current starts dropping to zero. The voltage slew rate can be
controlled by the gate discharge current, which is a function of
Vg magnitude and/or Rg-off. A large Vg magnitude or a small
Rg-off will result in a large gate discharge current, which will
increase the voltage slew rate and reduce the turn-OFF loss. This
is a unique feature of the d-mode GaN HEMT.

After t7, the device current is zero (ids = 0), and the MOSFET

voltage drop also drops to zero (vds-M = 0). With a negative
voltage at the gate of HEMT, GH, diode Dp is blocked. Here,
we assume that the gate driver is a rail-to-rail type that has the

Fig. 5. Gating-ON current path showing charge-pump capacitor Cp gets
charged through clamping diode Dp.

gate drive output equals Vg under gate-ON condition and zero
under gate-OFF condition (vgs-H � –Vg). The actual gate drive
output voltage or internal resistance depends on the individually
selected driver chip.

C. Second Pulse Turn-On

From t8 to t9:
The second pulse turn-ON starts at t8. Its gating path is the

same as that of the first turn-ON path shown in Fig. 5, but the
initial MOSFET drain-source voltage is different. The HEMT
input capacitance charging process in this time period operation
is similar to that of t12 except that the initial vds-M = 0 is zero
in this case.

From t9 to t10:
At t9, vgs-H reaches Vth-H, the HEMT starts conducting, and

its gate current starts charging the gate-drain capacitance (Cgd).
From t10 to t11:
At t10, the HEMT current build up, and the drain-source

voltage starts discharging. Unlike the t34 period, the drain-source
voltage vds was pulled down to –Vth-H, the period from t10 to t11
period brings vds directly down to the conducting voltage drop,
ids�Rds.

IV. EXPERIMENTAL SETUP

Fig. 6 depicts the circuit diagram of the device under double-
pulse test condition. The double pulse tester is an in-house
developed DPT controller using TI DSP 320F28079D. The first
pulse width T1 is adjusted to build up the inductor current. The
second time interval T2 is set to form a window for waveform
monitoring that consists of a turn-OFF falling edge and a turn-ON

rising edge. The third time interval T3 can also be set to observe
rising and falling edges. Because GaN switching typically settles
in 10’s nanoseconds, T2 and T3 can be set to a few hundreds of
nanoseconds to ensure all voltages and currents reach steady
states. The entire period of T1 through T3 is repeated every two
seconds to allow inductor current reset to zero while repeating
the switching pattern for waveform monitoring.

Fig. 7 shows the photograph of the DPT test setup for the direct
drive HEMT. The dc bus capacitor Cdc consists of two 550-V,
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Fig. 6. Power circuit for the double-pulse test.

Fig. 7. Photograph of the DPT power circuits.

47-μF local bulk capacitors and two 560-V, 2.2-μF film capac-
itors for a maximum test voltage of 550 V. A bypass capacitor
(Cbp) of 650-V, 47-nF across Vdc and ground node S is added
to eliminate the switching noise across vgs. A small inductor is
connected in series with the main inductor to reduce the parasitic
capacitance. The total inductance L is 470 μH.

Table II lists the circuit components and their key specifica-
tions used in this experiment.

The gate driver, UCC 27511A, is rated 4-A sourcing cur-
rent with 5-Ω pull-up resistance and 8-A sinking current with
0.375-Ω pull-down resistance.

The device current ids is monitored with a noninductive
current viewing resistor (CVR) with 0.0981-Ω resistance and
1.2-GHz bandwidth. The inductor current iL is monitored with
a scope current probe to calibrate the device current under
turn-ON condition. The drain-source voltage vds is monitored
with Tektronix TPP0850 rated 800-MHz bandwidth and 1-kV
range. The gate-source voltages vgs-H and vgs-M and MOSFET

drain-source voltage vds-M are monitored with TPP1000 rated

TABLE II
CIRCUIT COMPONENTS AND THEIR KEY SPECIFICATIONS

1-GHz bandwidth and 300-V range. The oscilloscope model is
MDO3104 with 2.5-GHz sampling rate and 1-GHz bandwidth.

V. INITIAL POWER-UP TEST RESULTS

Under startup or standby condition, the leakage current of
device under test is charging the MOSFET output capacitance,
which can cause MOSFET voltage higher than the absolute value
of the GaN threshold voltage and even resulting in avalanche.
Zojer [7] and Koyama et al. [8] suggested adding a Zener diode
across the MOSFET to avoid avalanche for the direct drive circuit.
In the conventional cascode configuration, it was suggested in
[29] that adding a high mega-ohm resistor or antiparalleling a
Zener or Schottky diode to bypass the leakage current can avoid
the avalanche.

Our approach is to choose a higher Coss MOSFET to lower
the voltage across the MOSFET (vds-M). The higher the Coss,
the lower the vds-M, which also tends to be a lower conduc-
tion voltage drop. The Si MOSFET shown in Table II has been
successfully tested under startup and regular DPT conditions. It
was also successfully tested in an in-house designed converter
circuit that runs into burst mode under no-load condition. In
some occasions, if the startup or standby time is very long, then
an external path should be added to bypass the leakage current
to avoid MOSFET running into avalanche condition.

Fig. 8 shows the experimental voltage waveforms including
MOSFET gate-source voltage vgs-M, HEMT gate-source voltage
vgs-H, MOSFET drain-source voltage vds-M, and the drain-source
voltage vds measured from the drain of HEMT and the source
of MOSFET under a repetitive DPT operation. The measurement
verifies the conceptual voltage waveforms depicted in Fig. 3
under Vdc = 100 V and Vg = 16 V condition.

Initially vgs-M = 0, and vgs-H = –16 V. Using the time periods
described in Fig. 3, the voltage level during the first turn-ON

period can be summarized as follows.
From t0 to t1: vgs-M (t0) = 0, vgs-M (t1) = 2 V.
From t1 to t2:

vds−M (t1) = 0, vds−M (t2) = 10V
vgs−H (t1) == −16V, vgs−H (t2) = −10V (= Vth−H)
vds (t1) = 100V, vds (t2) = 10V.

From t2 to t3: Plateau period as the current building up.



LAI et al.: DIRECT DRIVE D-MODE GAN HEMT SWITCHING CHARACTERISTICS AND TURN-OFF LOSS REDUCTIONS 5195

Fig. 8. Experimental drain- and gate-source voltages under a repetitive DPT
condition.

From t3 to t4:

vgs−H (t3) == −10V, vgs−H (t4) = 0
vds−M (t3) = 10V, vds−M (t4) = 0V
vds (t3) = 10V, vds (t4) = 0.

The experimental voltage waveforms of this first pulse turn-
ON period clearly verify that modified cascode structure provides
the initial blocking and prevents the HEMT from turning on. For
the time periods from t5 to t7 and t8 to t11, only HEMT is involved
in switching, and the detailed voltage and current waveforms can
be seen in the following section.

VI. SWITCHING LOSS EVALUATION

A. Experimental Voltage and Current Waveforms and
Switching Energy

Fig. 9 depicts the voltage and current waveforms during the
time period T3 of DPT shown in Fig. 6 under Rg-on = 10 Ω,
Rg-off = 0, Vg = 12 V, and IL = 10 A condition. The first
switching transition turns ON the HEMT with vgs rising from
–10.4 to +0.6 V and vds falling from Vdc to its ON-drop voltage.
Fig. 9(a) and (b) are under Vdc = 400 and 500 V test conditions.
With the same gate drive circuit condition, their voltage and
current slew rates are nearly identical. The switching energy
clearly increases as the dc bus voltage increases.

Although the CVR has a faster bandwidth than that of the
voltage probe, a small CVR inserted lead somehow slows down
the current measurement bandwidth. In the end, the vds and ids
waveforms match well in time scale coincidently. However, the
gate-source voltage vgs is leading by four sampling points, which
needs to be deskewed.

To tune gate-source voltage (Vgs) and drain-source current
(Ids), we can perform deskew during turn-ON where the device
current Ids starts rising after Vgs passes the threshold voltage
(Vth-HEMT). To tune Vgs and the device voltage Vds, we can
perform de-skew during turn-OFF where Vds starts rising after
Vgs falls below Vth-HEMT. If aligned well, we should see Vds

falls right after Ids rises to the load current during turn-ON and Ids
falls right after Vds rises to the dc bus voltage during turn-OFF.

Fig. 9. Voltage and current waveforms with IL = 10 A, Rg-on = 10 Ω, Rg-off

= 0, and Vg = 12 V under (a) 400-V and (b) Vdc = 500-V Vdc conditions.

Fig. 10. Voltage and current waveforms with Vdc = 500-V, IL = 10 A, Rg-on

= 10 Ω, Rg-off = 5 Ω, and Vg = 12 V under (a) turn-ON and (b) turn-OFF
conditions.

A detailed deskew result under the test condition of 500 V, 15
A is shown in Fig. 10. Fig. 10(a) shows deskewed voltage and
current waveforms under turn-ON condition. A voltage drop of
Δvds can be clearly seen during current rise period where dids/dt
multiplying with the loop inductance results in a voltage drop.
Fig. 10(b) shows deskewed voltage and current waveforms under
turn-OFF condition. A voltage drop of Δids can be clearly seen
during voltage rise period where dvds/dt multiplying with the
device output capacitances results in a current drop. Notice that
during turn-ON, the major portion of Δvds is constant because
dids/dt is a constant. However, during turn-OFF, the voltage
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Fig. 11. Switching energy as a function of device current with Rg-on = 10 Ω,
Rg-off = 0, and Vg = 12 V under (a) 400-V and (b) 500-V Vdc conditions.

rise rate is nonlinear due to highly nonlinear device output
capacitances, and thus Δids shows a slope throughout the entire
voltage rise period.

With the same measurement condition, the current is in-
creased from 2.2 to 15 A, and the switching energy including
Eon, Eoff, and Esw = Eon + Eoff as a function of device
current ids are plotted in Fig. 11 under (a) 400-V and (b)
500-V conditions. Since the device switching involves charging
and discharging of the freewheeling diode junction capacitance
(Cj) and the device output capacitance (Coss), the increase of
switching energy is not directly proportional to the dc bus
voltage. Under this specific test condition, Eon and Eoff increase
by approximately 40% when Vdc is increased from 400 to
500 V. In terms of switching energy as a function of current, the
measurement results indicate that Eon is directly proportional to
ids, but Eoff as a function of ids shows a slower increasing rate.

B. Gate Drive Voltage Effect on Switching Energy

In bridge-type circuits, there is a short freewheeling period
that the both upper and lower devices must remain inactive.
During which, the gate-source voltages of both devices are
negative. In contrast, for e-mode MOSFETs or HEMTs, their
gate-source voltages need to be zero or negative. On the other
hand, the d-mode HEMT offers flexibility of varying gate-source
voltage magnitude under direct driven condition. The question is
what would be the appropriate gate drive voltage. As mentioned
in [10], an excessive negative gate-source voltage tends to result
in a high voltage drop under reverse conducting or freewheeling
condition, which is disadvantageous in high switching frequency
operations.

However, this article revealed that a high magnitude of vgs
could significantly reduce the turn-OFF loss. This is indeed a
considerable advantage for nonbridge type converters, as they
do not require a dead-time period and the associated reverse
conducting voltage drop.

To examine the gate drive voltage effect, the study here is to fix
all the gate drive resistances and test the circuit under various
gate drive voltage conditions. Fig. 12 illustrates the example
voltage and current waveforms with Vdc = 500 V, IL = 10 A,
Rg-on = 10 Ω, Rg-off = 5 Ω for (a) Vg = 13 V and (b) Vg =
16 V conditions. To assesses the turn-OFF energy (Eoff), this set
of waveforms starts with turn OFF as the first transition, or the
T2 period depicted in Fig. 6.

Comparing the switching energy, the case with Vg = 16 V
versus Vg = 13 V indicates a significant loss reduction. The total

Fig. 12. Voltage and current waveforms with Vdc = 500-V, IL = 10 A, Rg-on

= 10 Ω, Rg-off = 5 Ω under (a) Vg = 13 V and (b) Vg = 16 V conditions.

Fig. 13. Switching energy as a function of gate drive voltage showing (a) 5-A
and (b) 10-A conditions.

switching energy drops from 80 to 64 μJ, or 20% reduction. By
examining the details, such a loss reduction only comes from
device turn-OFF, which clearly indicates a much faster turn-OFF

voltage slew rate, and thus lowering the switching loss. By
comparing the turn-OFF loss along, Eoff is reduced from 43.1 to
28.6 μJ, or 33% reduction. Further comparison with Vg = 12 V
shown in Fig. 9(b), both Eon and Esw are much higher than those
under Vg = 13 and 16 V conditions.

Fig. 13 compares switching energy as a function of gate drive
voltage Vg from 12 to 16 V for (a) IL = 5 A and (b) IL = 10
A under Vdc = 500 V, Rg-on = 10 Ω, Rg-off = 5 Ω condition.
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Fig. 14. (a) Turn-OFF energy as a function of gate drive voltage. (b) Turn-OFF
energy as a function of load current.

Both plots in Fig. 13 indicate that turn-ON energy is constant
disregard the magnitude of the gate drive voltage. The turn-OFF

energy, however, reduces asymptotically, and the highest loss
reduction segment occurs when Vg varies from 12 to 13 V. From
15 to 16 V, the gain on turn-OFF loss reduction becomes less
noticeable.

With the same Vdc = 500 V, Rg-on = 10 Ω, Rg-off = 4.7
Ω condition, Fig. 14(a) further plots Eoff as a function of
Vg under different device current conditions. The higher the
device current, the clearer the Eoff reduction with increased
Vg magnitude. This can be seen in Fig. 14(b), which plots Eoff

as a function of ids under different Vg conditions with 12, 13,
and 16 V for clear separations. Under all current conditions,
the turn-OFF reduction reaches 50% by increasing Vg from
12 to 16 V.

It should be noticed that the experimental HEMT has a thresh-
old voltage of –10 V. With direct drive, there is a voltage drop at
the clamping diode Dp. Adding a small voltage drop at the gate
driver, the actual vgs is very close to Vth-H when Vg = 12 V. In
other words, the injected negative current to turn off the device
is small when the magnitude of Vg is not high enough.

Fig. 15 further examines the waveforms in detail showing
exploded view of HEMT vgs, vds, and Eoff waveforms at the
turn-OFF transition under ids = 5 A, Vg = 12, 13, and 16 V
conditions. Under the initial turn-on condition, vgs is the voltage
drop across Dp and is +0.6 V, With Vg = 12 V, vgs is –10.4 V
under turn-OFF condition. Similarly, with Vg = 13 and 16 V, vgs
is –11.4 V, and –14.4 V, respectively, under turn-OFF condition.
When vgs transitions from turn-ON to -OFF, during the plateau
period, vds rises to Vdc with a small overshoot caused by the
loop parasitic inductance. The higher the gate voltage, the faster
the vds slew rate and voltage overshoot, while the lower turn-OFF

energy.

C. Gate Resistance Effect on Turn-Off Energy

Fig. 15 suggests that the alternative turn-OFF loss reduction
method is to shorten the plateau period by reducing Rg-off

because of the reduction of Miller capacitance (Crss) discharging
time. To verify Rg-off effect, Fig. 16 compares detailed voltage
and current waveforms for Rg-off = 0, 4.7, and 10 Ω under Vdc

= 500 V, Vg = 12 V, and ids = 10 A condition. With Rg-off = 0,

Fig. 15. Exploded view of HEMT vgs, vds, and Eoff waveforms under ids =
5 A, Vdc = 500 V, Vg = 12, 13, and 16 V conditions.

Fig. 16. Exploded view of HEMT vgs, vds, and Eoff waveforms under ids =
10 A, Rg-off = 0, 4.7, and 10 Ω conditions.

the turn-OFF speed is fastest due to the smallest Crss discharging
time constant.

Comparing Rg-off = 0 and 10Ω, the plateau period is reduced
by 50%, or from 44 ns to 22 ns. This plateau period reduction
also translates to 50% turn-OFF loss reduction (from 82 to 41
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Fig. 17. (a) Eoff as a function of ids under different Rg-off conditions and
(b) Eoff as a function of Rg-off under different ids conditions.

μJ) because during which the current maintains constant while
the voltage is rising. At the end of the plateau period, ids drops
from 10 A to zero within 4 ns with Rg-off = 0 and 8 ns with
Rg-off = 10 Ω. The waveforms indicate that while a low Rg-off

can lower Eoff, the penalty is high voltage slew rate on vds and
its potentially associated electromagnetic interference (EMI).

Fig. 17(a) plots the turn-OFF energy Eoff as a function of
the device current ids under different Rg-off conditions. Again,
by reducing Rg-off from 10 Ω to 0, Eoff is reduced approxi-
mately 50% under all different current conditions. It should be
noticed that Eoff contains both channel turn-OFF energy and
output capacitance (Coss) related charge energy Eoss, which is
associated with the square of drain-source voltage [30]. As Eoff

is approximately linearly increased with ids, it is possible to
extend the curve down to ids = 0 to obtain Eoss under different
Rg-off condition. Fig. 17(b) plots the turn-OFF energy Eoff as a
function of Rg-off under different ids conditions. Similar to the
above argument on Eoss, even if ids = 0, Eoss still exists, and
Eoff will not reduce to zero under different Rg-off condition.

VII. DISCUSSION ON MEASUREMENT ISSUES

Despite being developed in-house, the GaN HEMT still needs
wire-bonding and packaging for circuit testing. Thus, the para-
sitic components are unavoidable in the PCB layout. The noise
and oscillation after switching transient are quite severe under
fast switching transients. With a finite wire length from the
power supply to the circuit board under test, sufficient bulk and
bypass capacitors are necessary on PCB to ensure a stable dc
bus voltage.

Three significant measurement challenges were found in the
GaN HEMT device characterization.

1) Matching of the bandwidths of the voltage probes and
current measurement. Before the use of matched high-
voltage, high-bandwidth voltage probes, we found signif-
icant differentials and inconsistencies in their response
time and overshoot during transients, and it was very
difficult to de-skew.

2) Sampling rate of the oscilloscope. The one used in this
characterization is 2.5 GHz, which means the highest
sampling resolution is 400 ps. With the GaN current fall
time <4 ns under Vg = 12 V and Rg-off = 0 turn-OFF con-
dition, each transient can only sample less than 10 points,
which is insufficient to precisely measure the switching
performance.

3) Similar to the above issue, the oscilloscope should have
sufficient number of bits for the vertical resolution.

VIII. CONCLUSION

As the commercial devices were unavailable, we employed
the in-house developed device to characterize the d-mode GaN
HEMTs and revealed several distinctive switching features un-
der direct-drive gating condition. The basic switching features
were first described theoretically and then validated through
extensive testing with an in-house developed DPT tester.

Major findings and contributions include the following.
1) Initial power-up can be protected with a modified cascode

architecture by using a diode to replace the wire from the
HEMT gate to the MOSFET source.

2) Turn-OFF energy can be significantly reduced by increas-
ing the gate drive voltage. A large magnitude of the HEMT
gate-source voltage can induce a high gating current to ac-
celerate the device turn-OFF process. This specific feature
does not exist in e-mode HEMTs or conventional power
MOSFETs.

3) Turn-OFF energy can also be decreased by reducing the
gate drive resistance. This is a feature also found in e-mode
HEMTs and conventional power MOSFETs, and the effect
is quite similar to that of increasing the gate drive voltage
as it shortens the plateau period.

4) Turn-ON energy is not affected by the negative gate drive
voltage magnitude.

Even though the turn-ON energy is also important in many
applications, its loss reduction feature is not addressed in this
article because the turn-ON energy involves the opposite-side
device and its reverse recovering characteristic. Furthermore,
in most soft-switching converters, turn-ON energy is negligible,
making it less of a concern. To further explore turn-ON losses,
the converter circuit and its specific operating mode need to be
well defined.

Future work can be directed to a comprehensive evaluation
and comparison between the conventional cascode and direct-
driven HEMT devices.
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