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Letters

Dynamic On-Resistance Characterization of GaN Power HEMTs Under
Forward/Reverse Conduction Using Multigroup Double Pulse Test

Zonglun Xie , Xinke Wu , Senior Member, IEEE, Zezheng Dong , Jiahui Sun ,
Kuang Sheng , Senior Member, IEEE, and Kevin J. Chen , Fellow, IEEE

Abstract—In bridgeless power factor correction converters and invert-
ers, GaN high-electron-mobility transistors (HEMTs) operate in both for-
ward and reverse conduction modes, which may feature different dynamic
ON-resistance (RON) behaviors. Despite the extensive study of dynamic
RON under forward conduction, dynamic RON under reverse conduction
still demands comprehensive evaluation. In this letter, the dynamic RON

of two commercial p-GaN gate HEMTs with different technologies under
forward/reverse conduction and hard/soft switching is characterized using
the custom-designed multigroup double pulse test system, which nearly
eliminates the accumulated self-heating effect in the device. First, the test
was conducted at OFF-state bias voltage = 400 V, IDS = 70% IDS(max).
For the Schottky-type p-GaN gate HEMTs, the dynamic RON in reverse
conduction is found to be more than 3%–5% higher compared to the
forward conduction. However, for the hybrid-drain-embedded gate injec-
tion transistor, operating in reverse conduction mode leads to a slighter
dynamic RON degradation effect, with a reduction of approximately 10%
compared to the forward conduction. Next, IDS was modulated to evaluate
its impact on dynamic RON. For both devices, during reverse conduction it
was observed that the dynamic RON initially decreases and subsequently
increases with the IDS increase.

Index Terms—Dynamic ON-resistance, GaN high-electron-mobility
transistors (HEMTs), multigroup double pulse test, reverse conduction.

I. INTRODUCTION

O VER the past decade, due to GaN high-electron-mobility transis-
tors’ (HEMTs) unique advantages, such as low gate charge, low

output capacitance, and no reverse recovery charge, it has been gradu-
ally used in consumer electronics, server power modules, and inverters
[1]. However, there exists dynamic ON-resistance (RON) degradation
issue in commercial GaN devices because of the electron trapping at
the GaN buffer and AlGaN surface [2], [3].

In popular applications, such as bridgeless CCM or BCM (ZVS)
boost power factor corrections (PFCs), the switches operate in the

Manuscript received 17 September 2023; revised 22 October 2023; accepted
30 October 2023. Date of publication 10 November 2023; date of current version
22 December 2023. This work was supported in part by the National Natural
Science Foundation of China under Grant 52177197, and in part by the Power
Management Innovation Consortium (PMIC) of Hangzhou Global Scientific and
Technological Innovation Center, Zhejiang University. (Corresponding author:
Xinke Wu.)

Zonglun Xie, Xinke Wu, Zezheng Dong, and Kuang Sheng are with the Col-
lege of Electrical Engineering, Zhejiang University, Hangzhou 310027, China
(e-mail: refrain55@zju.edu.cn; wuxinke@zju.edu.cn; dongzz1218@zju.edu.
cn; shengk@zju.edu.cn).

Jiahui Sun and Kevin J. Chen are with the Department of Electronic and
Computer Engineering, Hong Kong University of Science and Technology, Hong
Kong (e-mail: jsunaz@connect.ust.hk; eekjchen@ust.hk).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TPEL.2023.3331891.

Digital Object Identifier 10.1109/TPEL.2023.3331891

forward conduction and reverse conducting modes. The dynamic ON-
resistance of GaN devices in forward conducting mode for hard and
soft switching conditions has been extensively studied [4]. However,
investigation and discussion on the degradation and behavior of dy-
namic RON in the reverse conduction is still rare.

A 230 s single pulse test of forward and reverse conduction modes
was conducted after a 10 s full voltage stress bias for a 200 V GaN
HEMTs in [5], and the reverse conduction mode induces a lower
current collapse than forward conduction. However, due to the sig-
nificant difference in dynamic RON changes of GaN devices under
continuous pulses compared to single pulses [6], [7], the test results
obtained in this article do not match the practical operating conditions.
And, the forward and reverse RON of GaN HEMTs, which used the
proposed trapezoidal current mode (TZCM) method, was evaluated in
[8]; however, this work primarily focuses on utilizing the TZCM testing
method to measure dynamic RON under constant current to enhance
the testing accuracy. And it should be noted that in this circuit, the
devices only operate in soft-switching mode. Therefore, it is difficult to
evaluate the impact of hard-switching on the degradation of the HEMTs’
dynamic RON.

An H-bridge derived circuit is presented in [9] for testing the dynamic
resistance of GaN HEMTs. While this work evaluates the dynamic RON

of the device in reverse conduction hard switching-OFF mode, it does not
consider the soft switching-off mode of reverse conduction. Besides,
this work focuses on low-voltage GaN devices and does not assess
whether there are variations in dynamic RON performance in reverse
conducting mode among different GaN devices, including Schottky-
type p-GaN gate HEMTs and hybrid-drain-embedded gate injection
transistor.

The traditional DPT may not accurately reflect actual operating
conditions [10], [11]. And, the continuous pulses for dynamic RON

testing leads to an increase in the junction temperature of GaN HEMTs.
Consequently, the measurement results will be the combination of
dynamic RON degradation effect and self-heating effect unless the
junction temperature can be controlled accurately with a complex
setup.

Thus, in this letter, the multigroups DPT methods [12] is adopted to
evaluate the dynamic RON for avoiding self-heating effects. In contrast
to previous studies on GaN device dynamic RON during reverse conduc-
tion, this letter evaluates dynamic RON in hard- and soft-switching-off
conditions during reverse conduction and compares the dynamic RON

during forward conduction on the same testing platform. And it analyzes
how changes in IDS during device conduction impact dynamic RON

performance. Additionally, two types of the state-of-the-art commercial
GaN devices are investigated, the key parameters of devices under test
(DUTs) are presented in Table I.
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TABLE I
COMPARISON OF DEVICE UNDER TEST

Fig. 1. Measurement circuit schematic, and the clamping circuit is analyzed
in the next section.

TABLE II
COMPONENT LIST OF TEST CIRCUIT

II. MEASUREMENT CIRCUIT AND METHODS FOR DYNAMIC

RON UNDER DIFFERENT OPERATION MODES

A. Operating Description and Control Scheme of the
Measurement Circuit

A simple and effective half-bridge configuration test circuit shown
in Fig. 1 is proposed to evaluate the dynamic RON degradation of the
E-mode GaN HEMTs under both forward and reverse operating modes
including hard- and soft-switching conditions. The essential elements
of the test circuit are detailed in Table II, and the photo of the test circuit
is provided in Fig. 2.

Because dynamic RON degradation of the GaN power devices
strongly relies on OFF-state stress, a set of stress switches composed of
Q1, Q2, Q3 is used in the circuit to control the time slots and magnitude
of the OFF-state voltage stress. S1 and S2 form a half-bridge structure,
and the operational principle of this component is akin to a synchronous
rectifier buck circuit, with the task of enabling the DUT to operate in a
specific mode (e.g. forward or reverse hard- and soft-switching mode).
The current measurement is performed using a low inductance coaxial
current shunt SSDN-10 from T&M Research Products, represented as
Rsh in Fig. 1.

To illustrate the specific working method of the test circuit shown
in Fig. 1, the hard switching-ON operation in the forward conduction

Fig. 2. Physical implementation of the proposed circuit. (a) Device A.
(b) Device B.

Fig. 3. Timing diagram of critical control signals to precisely control the OFF-
state stress, and related voltage/current waveforms. (a) Forward hard switching
ON. (b) Forward soft switching ON. (c) Reverse hard switching OFF. (d) Reverse
soft switching OFF.

mode is considered as an example. The timing diagram for this operation
mode is depicted in Fig. 3(a).

Before t0, Q2 and Q3 are kept in the ON-state to maintain the potential
of OFF-state bias voltage of S2 at half of Vin. From the perspective of
controlling variables, the duration of this stage was uniformly set to 5
s in the experiment.
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Fig. 4. (a) Clamping circuit for forward and reverse conduction mode RON

testing. (b) VF–IF characteristics of D1 at 25 °C, the fitted linear region is the
interval with IF greater than 10 mA but less than 50 mA.

From t0 to t3, the S1 and S2 switches are controlled to perform a
dual pulse test (DPT), referred to as the “Group1” stage in Fig. 3(a),
indicating the completion of the first group of tests. In the second pulse
of DPT, the DUT conduction time is approximately 2 µs.

From t3 to t4, there is an interval between groups, allowing the device
to fully dissipate heat. This process, represented as “Tstress” in Fig. 3(a),
involves no switch action for S1 and S2. Q2 and Q3 are in OFF-state,
while Q1 is in ON-state. During this stage, the potential of VDUT is
maintained at Vin. In this experiment, this stage is set to 100 ms.

After time t4, the next group of DPT is initiated, and the process
from t0 to t4 is repeated. In this experiment, a total of 600 groups of
DPT were conducted, resulting in a test duration exceeding 60 s. This
approach allows for the measurement of the DUT’s dynamic RON in a
stable state.

Fig. 3(b) illustrates the switch waveform during forward soft switch-
ing, with the second pulse in each DPT achieving the soft switching-ON

of the device. Additionally, Fig. 3(c) and (d) show switch waveforms
during reverse hard and soft switching-OFF, respectively. These test
pulse settings simulate key waveforms in the totem-pole PFC and
inverter circuit during reverse operation.

B. Voltage Clamping Circuit and Dynamic RON Extraction
Method

As depicted in Fig. 4(a), the voltage clamping circuit is designed to
measure the VDS of the DUT in both forward and reverse conduction
mode. To prevent the conduction of diode Dz when the DUT operates
in reverse conduction, a diode with a common cathode is connected in
series in this branch to block the current flow. VMN represents the sum
of VDS and the diode forward voltage VD1. The B1505A semiconductor
parameter analyzer measures the I–V characteristics of D1 in Fig. 4(b).
Since the current flowing through D1 can be determined by Vcc and
Rclamp, its voltage can be calculated. Therefore, the VDS of DUT can
be accurately measured.

As depicted in Fig. 5, it illustrates the key waveforms (VGS, ILoad,
VMN, and calculated RON) of the Device B during group 1 of multigroup
DPT in forward conduction hard switching mode with OFF-state bias
voltage = 400 V and ILoad = 6 A.

In data processing, we select the group’s representative value by
averaging data within a short time window around the peak current
point, typically around 300 ns, between t1 and t2. This method is also
used for data processing in other operating modes. In Fig. 3, the shaded
area indicates the calculation range for dynamic RON near the peak
current for each respective mode.

Fig. 5. Critical waveforms in the first group of DPT tests under the forward
conduction hard switching mode. VGS refers to gate pulse signal of DUT, ILoad

refers to current of inductor, VMN refer to voltage from M to N in Fig. 3(a).

For the clamping circuit depicted in Fig. 4(a), there is a possibility of
errors in the measurement of VDS due to the presence of leakage current
in the MN branch. This is because the current flowing through D1 is no
longer solely determined by the current passing through Rclamp. As a
result, there may be some inaccuracies in the calculation of D1 voltage.
Therefore, the data at t1 in Fig. 5 are taken as examples to analyze the
potential magnitude of errors.

The Zener diode employed in this experiment is MMSZ6478. First,
considering that the VMN is 1.8 V, according to the IV curve of the Zener
diode, it can be concluded that the current flowing through the MN
branch, IMN, is less than 50 µA. And the voltage of D1 will experience
a change depending on whether the leakage current IMN is ignored or
taken into account

VD1 = 0.841 + 1.37ID1 (1)

ΔVD1 = 1.37 ΔID1 = 1.37IMN < 68µV. (2)

According to RON’s calculation formula, we can determine whether
to ignore the impact of IMN on RON

RDS(on) =
VMN − VD1

IL
(3)

ΔRDS(on) =
ΔVD1

IL
< 11.5 µΩ. (4)

ΔRDS(on)

RDS(on)
=

ΔVD1

VMN − VD1

< 0.001%. (5)

According to the above calculation, the impact caused by the leakage
current of the MN branch is less than 0.001%, which is negligible.
Therefore, it can be ignored in the experimental results, and it will not
cause any significant errors.

III. DYNAMIC RON’S EXPERIMENTAL RESULTS UNDER FOUR

OPERATING MODES AND DIFFERENT Iload

A. Testing Accuracy and Influencing Parameters

In order to verify the accuracy of the testing platform, the Si device
without dynamic RON phenomenon was first tested. And this part of
the work is detailed in our groups’ previously published paper [4].

Meanwhile, considering the various factors that influence the dy-
namic RON of GaN devices, as delineated in [11], we maintained
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TABLE III
PARAMETERS FOR EXPERIMENTATION

Fig. 6. Four operating modes’ multigroup DPT results. (a) Device A (HD-GIT)
at OFF-state bias voltage = 400 V, Iload = 8 A (70% ID(max)). (b) Device B
(p-GaN) at OFF-state bias voltage = 400 V, Iload = 10 A (70% ID(max)).

consistent conditions across all test groups to guarantee the reliability
of our results. A comprehensive list of these parameters and their
respective controlled values can be found in Table III.

B. Experimental Results

As GaN devices’ dynamic RON degradation is closely related to the
load current (it shows a trend of increasing with the load current rises
in forward hard switching conduction mode [13]), in this section, the
test was initially conducted at 70% of the rated IDS(max) to establish a
baseline measurement as shown in Fig. 6.

For Device A, the dynamic RON is significantly influenced by the
prestressing stage, accounting for approximately 35% to 50% of the first
segment (0.1 s) of the sequential pulse. However, once the sequential
pulse exceeds 1 s, the dynamic RON in all operating modes decreases
by over 30%. From that point onward, until the end of the whole
pulse (60 s), the dynamic resistance exhibits minimal regenerative
changes. For Device B, the dynamic RON shows a relatively consistent
trend throughout the entire pulse sequence (cumulative 60 s), with the
largest decrease (∼7%) observed in the forward soft switching mode.
When analyzing the performance of dynamic RON in both forward and
reverse conduction modes, Device A and Device B exhibit contrasting
behaviors. Device A demonstrates a slighter dynamic RON degradation
effect during reverse conduction compared to forward conduction, with
a noticeable difference of approximately 10% observed at the 60 s. On
the other hand, Device B shows a better recovery in dynamic RON

during forward conduction compared to reverse conduction, with an
advantage of approximately 3%–5% observed at the 60 s.

Fig. 7. Four operating modes’ multigroup DPT results, at OFF-state bias
voltage = 400 V, Iload varies within the range of 20%–200%. (a) Device A
(p-GaN gate). (b) Device B (p-GaN gate).

Besides, the influence of drain current (IDS) on the dynamic RON

under four operating modes is characterized as shown in Fig. 7. The
plotted data are extracted at the relatively stable stage (60 s after the pre-
stress) to reveal the practical dynamic RON behavior. The two devices
exhibit similar variation trends of dynamic RON with IDS. Under the
forward conduction mode, dynamic RON mainly increases with higher
IDS. Differently, under the reverse conduction mode, dynamic RON first
decreases and then increases with higher IDS.

IV. CONCLUSION

In this letter, the dynamic RON behaviors of two types of state-of-the-
art commercial GaN devices are measured (HD-GIT and Schottky-type
p-GaN) and compared under forward and reverse conducting conditions
using multigroups double pulse testing methods.

Two different GaN devices show distinct dynamic RON behavior
under multigroups DPT. The experimental results in Fig. 6 reveal that
the dynamic RON in HD-GIT structured devices gradually recovers as
pulse numbers increase, while the Schottky p-GaN gate device does not
exhibit significant recovery.

Moreover, concerning the current scale, it is noticeable that when
the device operates in reverse conduction mode, dynamic RON first
decreases and then increases with an increase in IDS, forming a “valley,”
as depicted in Fig. 7. Conversely, during forward conduction mode,
there is a positive correlation with the increase in IDS.

It is crucial to consider the significant difference in ON-resistance
between forward and reverse hard switching operation modes. This
difference can lead to inconsistent losses between the upper and lower
switches of the bridge arm in a hard switching inverter circuit, as
evidenced by the experimental results in Fig. 6, when Device A op-
erates at 80% IDS, the switch operating in forward mode experiences
losses approximately 10% higher than that of the switch operating
in reverse conduction mode. Such disparity may introduce potential
thermal reliability concerns. Considering the dramatic increasing of
GaN power HEMTs in PFC and inverter applications, it is important
to take into account the dependence between dynamic RON and the
conducting modes. By understanding the relationship between dynamic
RON and the conduction mode, engineers may evaluate the conduction
losses of GaN devices for different applications. And, the contradic-
tion behaviors of the two types GaN HEMTs may help people to
understand and investigate the performance and reliability of GaN
HEMTs.
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