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Conditions by Double and Multiple Pulses
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Abstract—The dynamic ON-state resistance (Rpson ) behavior
of commercial GaN devices is very important for a GaN-based con-
verter. Since the zero-voltage switching techniques are popular in
high-frequency power conversion, a dynamic Rpson test board
integrating both hard- and soft-switching test circuits is built in
this study. Two types of commercial GaN devices are tested and
compared under hard- and soft-switching conditions by double-
pulse and multipulse test modes, respectively. It has been found
that their dynamic Rpson exhibit different behaviors depend-
ing on the OFF-state voltage and frequency under hard- and soft-
switching conditions due to different device technologies, which
should be taken fully into account for GaN-based converter design
and loss estimation. In order to simulate the Rpson behavior in
a steady-state operating converter, a multipulse measurement has
been implemented, the results of which are compared with that of
double-pulse test. Furthermore, the primary trapping mechanisms
responsible for dynamic Rpson increase under different switch-
ing conditions are identified and verified by the numerical device
simulation using Silvaco TCAD tool.

Index Terms—Current collapse, dynamic ON-state resistance,
GaN devices, hard switching, soft switching.

I. INTRODUCTION

aN power devices exhibit great performance in high-
G frequency applications. However, these devices often suf-
fer from current collapse, leading to an increase of Rpson after
switching from high-voltage OFF state. The increase of dynamic
Rpson originates primarily from electron trapping by surface
traps in the gate-to-drain access region and buffer traps beneath
the two-dimensional electron gas (2DEG) channel induced by
gate injection in the OFF state [1] or hot electrons injection from
channel during the switching transients [2]. Due to the variation
of Rpson with different voltage and frequency conditions, it
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is no longer suitable for GaN devices to use the static Rpson
values from the datasheet (or curve tracer) as a guideline to pre-
dict the conduction losses. In addition to the impact of junction
temperature, the dynamic Rpgon variation must be taken into
consideration when designing GaN-based power converters.

In spite of the advanced device technology (e.g., filed
plate [3], optimized buffer design [4], etc.) to mitigate the cur-
rent collapse, dynamic Rpson degradation is still a concern for
most of the commercial GaN devices so far. Currently, there are
mainly two types of commercial GaN devices that used a p-GaN
gate technology to achieve single-chip normally OFF operation.
Both types of devices adopt a p-GaN cap layer underneath the
gate electrode to realize a positive threshold voltage [5], [6]. In
addition, in the hybrid drain-embedded gate injection transis-
tor (GIT) [6], an additional p-GaN structure is formed in the
vicinity and connected to the drain, aiming at alleviated cur-
rent collapse. These different device structures and operating
mechanisms could lead to distinct dynamic Rpson behaviors
especially under different switching conditions, which require
in-depth investigation and understanding.

Currently, there are mainly two types of methods for dynamic
Rpson measurement. One is the pulsed /-V measurement using
on-wafer test equipment, which mainly focuses on device char-
acteristics and mechanism analysis (e.g., [7], [8]). However, this
method will induce high contact resistance and is unable to ac-
curately capture device behavior during and immediately after
high-speed switching transients. The other one is using a spe-
cially designed test board [9]-[15], which can rapidly capture
the Rpson after turn-ON transient in nanoseconds range.

A widely used circuit for dynamic Rpson extraction is a
double pulse tester (DPT) where the device under test (DUT)
switches under hard-switching condition [9]-[12]. This circuit
can be used to investigate the impact of key operation param-
eters on dynamic Rpgson, including OFF-state time, OFF-state
voltage, drain current, temperature, frequency, duty cycle, and
gate voltage. However, the impact of switching conditions on dy-
namic Rpson of GaN devices has been seldom discussed. The
relationship between gate characteristics and dynamic Rpson
under hard- and soft-switching conditions is discussed in [10].
The dynamic Rpson variation with different OFF-state voltages
under hard-and soft-switching conditions are compared in [12]
and [13]. However, the continuous operating test mode, which
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TABLE I
SUMMARY OF DUT

Parameters Device A Device B Device C
Voltage/Current 600V/35A 650V/30A 600V/13A
Rating
E-mode E-mode
™
Technology CoolMOS (p-gate) (X-GaN GIT)
Package TO-220 GaNpx" DFN 8x8
Rosox’ 53(52/60)mQ  46(50/63) mQ 150(};‘?{ 190)

* The Rpson values are extracted from the output curves measured by curve
tracer at room temperature and the Rpson typical/maximum values from
datasheet at 25 °C are also given in parenthesis for reference.

is favorable to simulate a steady-state operating converter in
practical applications, has not been discussed in [12]. The drain-
to-source voltage applied to DUT during the OFF state is not a
square wave under soft-switching condition in [13], which is
different from most of the applications. In [16], the dynamic
Rpson characteristics under the two switching conditions are
evaluated by independently controlling the gate and drain pulses,
where the measurement method and circuit are not yet clearly
illustrated.

Because GaN device’s turn-ON switching loss is much higher
than turn-OFF loss [17], the zero-voltage turn-ON circuit is pre-
ferred for a GaN-based converter at high-frequency applications.
Therefore, from the application perspective, current DPTs or
other hard-switching test circuits are not sufficient for a com-
prehensive investigation of dynamic Rpson. However, few test
circuits operating in soft-switching mode have been built for
dynamic Rpson evaluation in previous works. A zero-voltage
transition (ZVT) circuit was employed in [12] for GaN de-
vices evaluation in soft-switching conditions. Although the ZVT
branch can be easily connected or disconnected to the con-
ventional DPT, the additional resonant inductor and the aux-
iliary switch complicate the test circuit. A resonance-based
soft-switching circuit is proposed in [14]. Although there is
no voltage or current spikes in the measured waveforms, a long
delay time of Rpson measurement still exists and the duty ra-
tio is limited in order to realize zero-voltage-switching (ZVS)
conditions.

In this paper, a simple and effective method is proposed for
comprehensive investigation of dynamic Rpson including hard-
and soft-switching conditions. Compared to the aforementioned
soft-switching test circuits, the proposed circuit is based on a
widely used soft-switching technique [18]. It has fewer compo-
nents and can be easily implemented from conventional DPT.
The developed circuit and method are used to investigate the dy-
namic Rpson of the two types of the state-of-the-art commercial
GaN devices in comparison with a Si MOSFET. The key parame-
ters of DUT are listed in Table I. The proposed test method and
initial experimental results are reported in [19]. More details
about the measurements and mechanism analysis are presented
in this paper.

II. TEST SETUP AND DESIGN CONSIDERATIONS

Two test circuits are built for Rpson evaluation of GaN
devices. One is the widely used DPT with half-bridge
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Fig. 1. Test circuit in half-bridge configuration with clamping circuit. The
circuit can realize hard-switching (HS) test by connecting 1 to 2 and soft-
switching (SS) test by connecting 1 to 3.
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Fig. 2. Control signals and related voltage/current waveforms under

(a) hard-switching condition and (b) soft-switching condition.

configuration for hard-switching condition. The other is the
proposed triangular current-mode (TCM) test circuit for soft-
switching condition. The two circuits are integrated into one
test board to ensure that a GaN device can be tested by different
circuits in the same test setup.

The test circuit schematic is shown in Fig. 1. A DPT can
be built for hard-switching test by connecting 1 to 2. The
control signals and related voltage/current waveforms are de-
picted in Fig. 2(a). The inductor current freewheeling path is
provided by the upper device operating in reverse conduction
mode. Details about measurement issues of DPT can be found in
[20] and [21].

By connecting 1 to 3 in Fig. 1, the test circuit can be converted
to a TCM soft-switching circuit. It is similar to a synchronous
buck converter, but the output capacitors have already been
charged with initial values Vo, and Vj, before gate signals
arrived, due to the series connection of Co; and Co,. Therefore,
it can be forced to operate in pulse mode but steady state without
initial precharge process for the output capacitors. The control
signals and the related voltage/current waveforms are shown in
Fig. 2(b). First, during t(y—t; , a narrow-pulse gate signal (around
100 ns) is given to the upper device S;. S; conducts for a short
while with the load inductor charged by Vixn—Vo, and load
current ¢y, increasing to a small value. During the deadtime
t1—t,, ip. discharges the parasitic capacitance of So, so the vpg
of Sy begins to drop. When vpg drops to zero, the channel of Sy
then begins to conduct reversely. Subsequently, S, can be turned
ON under ZVS at t5. As S, is turned ON, the load inductor is
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reversely charged by Vin — V1. The load current 71, changes the
direction and keeps increasing until S, is turned OFF at ¢3. After
a deadtime, S; is turned ON again at ¢, with decreasing 7;, and
finally turned OFF at t5, which lead to the next ZVS turn ON
of Sy at tg. The deadtime used in this design is 100 ns which
is within a reasonable range to realize ZVS. The capacity of
Co1 and Cop; is large enough to keep Vi, and Vo, constant
during the microsecond-level test. The values of V; and Vi,
can be determined by resistors R; and R», which enable the
converter to go directly into steady state at different duty cycles
in multipulse test mode. Here, R; and R, are the same to match
50% duty cycle.

Based on the test circuits, the Rpson can be obtained by mea-
suring ON-state voltage and drain current. In order to measure
the low ON-state voltage after switching from high-voltage OFF
state, a fast and accurate clamping circuit is required. Several
circuits for high-accuracy measurement of ON-state voltage are
proposed in previous literatures. Considering the effectiveness
and simplicity of implementation, the clamping circuit in [22]
is selected and simplified for Rpson evaluation in this paper. As
shown in Fig. 1, The voltage drop vpsm) across the Zener diode
Dy is measured instead of the real drain to source voltage vps
of DUT. During the OFF state of DUT, the diode D, is OFF, so
Ups(m) 18 clamped to the Zener voltage of Dz, which is much
lower than vps. When DUT is turned ON, the junction capac-
itance of D is discharged until D; is turned ON. As a result,
Ups(m) represents the sum of vpg and the diode forward voltage
vp1. Different from that in [22], vp; here is calibrated rather
than using a constant value in that the variation of vp; will
affect measurement accuracy especially for low Rpgson devices.
The I-V characteristics of D; shown in Fig. 3 are measured by
Agilent HP4155B semiconductor parameter analyzer. A fitting
formula is obtained between the forward voltage Vg and the for-
ward current [ to calibrate vp;. To avoid junction temperature
rising of Dy, the value of Rj is selected carefully to keep the
forward current low.

It is noteworthy that the first valid Rpson data should be
taken after about 150 ns delay from turn ON because of the ring-
ing caused by junction capacitance discharge of D; during the
switching transient, although a SiC Schottky diode (CSD01060)
with small parasitic capacitance is used here.
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Fig. 6. (a) Low-inductance power loop design for the half-bridge
configuration. (b) Top view of the test board.

The test system setup and the test board are depicted in Figs. 4
and 5, respectively. The printed circuit board (PCB) layout is
optimized with low parasitic inductance. As shown in Fig. 6(a),
both the upper and lower devices are located on the top of the
PCB with a group of decoupling capacitors closely sits on the
same side. The current return path is placed in the midlayer to
make the loop current flow in parallel and opposite directions,
aiming at magnetic flux cancellation and parasitic inductance
reduction. The power loop inductance introduced by PCB layout
is only 1.6 nH as extracted from Ansys Q3D simulation at 1 MHz
[see Fig. 6(b)]. Three test boards with the same configuration
have been built to accommodate different packages of the three
types of devices. In more detail, an isolated half-bridge driver
IC ADUM3223 is used with 10-€) turn-ON gate resistor and 5-¢2
turn-OFF gate resistor, respectively.

The drain current is measured with a 0.1-Q2 coaxial shunt
(SSDN-10) from T&M Research, Inc. An SMA connector with
coaxial cable is used to sense the clamping voltage. For more
accurate measurement of Rpson;, it iS necessary to ensure that
the propagation delay between voltage and current probes are
calibrated before measurement. The alignment of voltage and
current measurement is achieved by replacing the DUT with a
low-inductance resistor and measuring the voltage and current
of the resistor at the same time [21].
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Fig. 7. Measurement and extraction method for the valid data points of

dynamic Rpson in double-pulse operating mode. The time slot for the Rpson
measuring is shown in the shadow region. (a) Hard-switching condition.
(b) Soft-switching condition.

III. DOUBLE-PULSE TEST UNDER HARD- AND
SOFT-SWITCHING CONDITIONS

A. Dynamic Rpson Measurement Method

Fig. 7 illustrates the measurement and extraction method for
the valid data points of dynamic Rpgon in double-pulse operat-
ing mode. The DUT conducts 2 us during the first pulse. After
a short interval of 2 us, the DUT is turned ON again due to the
second 2- s pulse. Dynamic Rpgon variations are measured and
calculated during the second on-state time highlighted in Fig. 7.
Since Rpson is not a constant value during the on-state time
and decreases gradually after switching from high-voltage OFF
state, the dynamic Rpson at 500 ns (the beginning of conduc-
tion) and 2 us (the end of conduction) are extracted to describe
this process. The selection of 500 ns aims at avoiding switching
noise at the beginning of conduction. For each DUT, the Rpson
is measured under different voltage stresses from 50 to 400 V
(50 V per step) with the same drain current. The same drain
current under different voltage stresses can be maintained by
adjusting the value of the external inductor proportionally.

B. Experimental Results

Fig. 8 shows the measured Rpson variation of the three DUTSs
(devices A, B, and C) under hard- and soft-switching conditions,
respectively. The time point when vgs begin to rise is set as the
origin of the time axis. The missing Rpson data during the initial
part of time axis suggest the measurement delay time, which is
observed within 150 ns. It should be mentioned that under soft-
switching condition, the large oscillations during the first 500 ns
are caused by the low ipg at the beginning of conduction.

The measured Rpson values are normalized by the static
Rpson extracted from output curves measured by curve tracer
at the room temperature. The dynamic/static Rpson values at
500 and 2000 ns after turn on from different voltage stresses
under hard- and soft-switching conditions are plotted in Fig. 9.

It is obvious that three devices have different Rpson varia-
tion trends with varied voltage stress. As expected, there is no
dynamic Rpson effect in device A because it is a Si CoolMOS
[see Fig. 9(a)]. For device B shown in Fig. 9(b), the dynamic
Rpson under hard- and soft-switching conditions exhibit sim-
ilar variation trends with increasing voltage stress but a little
bit lower Rpgon is observed under soft-switching condition.
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Fig. 8. Dynamic Rpgon under hard- and soft-switching conditions with dif-
ferent voltage stresses from 50 to 400 V with the same drain current. (a) and
(b) Device A. (c) and (d) Device B. (e) and (f) Device C. Inset: Drain current
variation during the measurement period.

The results are consistent with a general understanding of GaN
devices from previous works [10], [12], [13].

However, device C shows different characteristics. First, as
shown in Fig. 9(c), the Rpson exhibits nonmonotonic behav-
ior under hard switching with increasing voltage stress. The
maximum Rpgon can be deduced at the turning voltage stress
which is between 200 and 250 V. It is observed that the dy-
namic Rpgon in the DUT is nearly the same to the static Rpson
under high-voltage stress (400 V). Second, an obvious increase
of dynamic Rpgon under soft-switching condition is observed,
which is more severe under high-voltage switching condition
(400 V). Similar phenomenon has been shown in [16], where
the GaN HFETs under test showed higher Rpson under soft-
switching condition, but the physical mechanism is different due
to the different device structures between device C here and the
DUT in [16]. Third, soft-switching condition results in lower
Rpson below the turning voltage stress but higher Rpson above
the turning voltage stress, as compared to the hard-switching
condition.

The different experimental results of devices B and C origi-
nate from different device structures and technologies. The ma-
jor difference between the two types of devices is that the device
C is fabricated with an additional p-GaN structure in the vicinity
of the drain electrode (PD) [6], while such structure does not
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exist in device B. The impact of PD on the dynamic Rpson and
its underlying mechanism will be discussed in Section V.

The experimental results reveal the impact of switching con-
ditions on dynamic Rpgon due to different device structures and
technologies. Therefore, for current commercial GaN power de-
vices, it is inappropriate to evaluate current collapse characteris-
tics without considering switching conditions, which may lead
to an inaccurate evaluation of dynamic Rpson and errors in loss
estimation.

IV. MULTIPULSE TEST UNDER HARD- AND
SOFT-SWITCHING CONDITIONS

The trapping and detrapping effect of GaN device is similar to
the charging and discharging process of RC units in series with
specific time constants [23], [24]. It suggests that the dynamic
Rpson requires sufficient time to reach the steady state and the
settling time could depend on the switching frequency. There-
fore, a multipulse test mode with different frequencies needs to
be taken into considerations.

A. Dynamic Rpson Measurement Method

In this test mode, only devices B and C are tested. Fig. 10
shows the key waveforms of dynamic Rpson evaluation in mul-
tipulse test mode. The total test time is limited to 100 us to
avoid self-heating. For a hard-switching test, the inductance
load in Fig. 1(a) is replaced by an RL load (resistor and inductor
in series) to set up inductor volt-second balance, and, conse-
quently, avoid the continuous increase of a drain current. For

a soft-switching test, the test circuit is the same to that of the
double-pulse test mode.

For each DUT, the dynamic Rpson is measured at 250 kHz,
500 kHz, and 1 MHz under different voltage stresses from 100
to 400 V (100 V per step) with the same drain current. For
hard switching, the values of the RL load are adjusted care-
fully to ensure the same drain current under different conditions
and the drain current can reach the steady state within 10 ps.
For soft switching, the drain current increases from zero to the
steady-state value during each cycle. Meanwhile, the impact of
frequency on the dynamic Rpson at different voltage stresses is
observed. The duty cycles in all cases are set as 50%.

B. Experimental Results

Dynamic Rpson during the total 100-us test period of device
B and device C are shown in Figs. 11 and 12, respectively, where
Figs. 11(e)—(h) and 12(e)—(h) enlarge the final conduction period
in detail. For clarity, only 100- and 400-V conditions are shown
here. In order to reflect the Rpson in quasi-steady state, the
median value of Rpson during the final conduction period is
extracted for comparison.

Fig. 13 summarizes the normalized Rpson value with various
voltage stresses. Similar to the double-pulse test results, Rpson
of device B increases with voltage stress under both hard- and
soft-switching conditions while lower Rpson can be observed
under soft switching. Rpson of device C exhibits nonmonotonic
behavior under hard switching with increasing voltage stress
where there is still a turning voltage between 200 V and 300 V.
It has been found that the soft switching results in lower Rpson
below the turning voltage but higher Rpson above the turning
voltage, as compared to the hard switching condition.

The measured Rpson are replotted in Fig. 14 with the various
frequencies. It is well acknowledged that higher frequency re-
sults in an increase of dynamic Rpson and the increase is more
apparent with higher voltage stress due to more severe trapping
effect [11], which coincides with the experimental results. In
addition, the experimental results also show that the impact of
frequency on Rpson depends on switching conditions and de-
vice structure. As shown in Fig. 14, for device B without PD
structure, the measured Rpgon is relatively insensitive to the
switching frequency, especially in soft-switching condition. For
device C with PD structure, the dynamic Rpgon increases with
frequency under both hard- and soft-switching conditions. The
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difference in Rpson under the two switching conditions is more
obvious at high voltage and high frequency. Especially when op-
erating under 400-V and 1-MHz soft-switching condition, the
dynamic Rpson becomes nearly twice as the static value, which

indicates a very serious current collapse.

It is noteworthy from Fig. 12(a)—(d) that the dynamic Rpson
varies gradually to a nearly steady value with the increase of
pulse number. The pulse numbers needed to reach the steady
state are different with frequency and voltage stress. For clarity,
the median value of Rpson during each conduction period at
250 kHz is extracted and plotted in Fig. 15, where the results
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multipulse operating mode (symbol line). The results of double-pulse test mode
are denoted by larger symbols. (a) Device B. (b) Device C.

of double-pulse test mode are also denoted. It is obvious that
for device B, the double-pulse results are consistent well with
that of multipulse, while for device C, the double-pulse results
cannot reflect the true Rpgon in a steady state due to the time-
dependent trapping and detrapping effect. It suggests that the
traditional test method using only one or two pulses may not
be sufficient with respect to the dynamic Rpson evaluation of
current commercial GaN devices due to their different device
technologies.

V. MECHANISM ANALYSIS

Previous publications have paid much attention to the impact
of different operation parameters on dynamic Rpson including
OFF-state time, voltage, temperature, etc., but few of them pro-
vide specific explanation of the experimental results. This sec-
tion aims to further enhance the understanding of the dynamic
Rpson under different switching conditions and the analysis re-
sults can provide valuable information for both applications and
device manufacturing.

Fig. 9(b) shows that dynamic Rpson of device B under hard-
and soft-switching conditions exhibit similar variation trends
with OFF-state voltage, but alower Rpson is observed under soft-
switching condition. The results are consistent with a general
understanding of GaN devices in previous works [10], [12],
[13], which is attributed to enhanced hot electron effect during
hard switching [2].

Fig. 16(a) illustrates the load lines under different switch-
ing conditions. For hard switching, the load line passes through
high-power area with high voltage and high current applied
simultaneously, resulting in hot electron injection to surface
traps as well as buffer traps and Rpgon increase [2]. For soft
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transient cause high channel current. (c) Soft-switching transient cause low
channel current.

Si Substrate

Fig. 17. Schematic cross section of GaN device with an additional p-GaN
drain (PD). The PD structure and the 2DEG channel form a p-n junction.

switching, the effect of hot electron is not prominent since the
load line bypass the high-power area. Consequently, the Rpson
is lower under soft-switching condition. The hot electron ef-
fect becomes more obvious at high-voltage stress and high
frequency under hard-switching condition, which is responsi-
ble for Rpson increase with OFF-state voltage and frequency
[2], [25]. The measured Rpson is relatively insensitive to the
switching frequency in soft-switching condition [see Fig. 14(a)]
due to minimal hot electron effect which usually occurs under
hard-switching condition.

For device C, the nonmonotonic Rpson behavior with in-
creasing voltage stress under hard-switching condition shown
in Fig. 9(c) suggests an additional mechanism. Compared with
device B, the PD structure in device C (shown in Fig. 17) is ben-
eficial to alleviate current collapse since the injected holes from
PD during the hard-switching transient can effectively release
the trapped electrons near the drain [6]. However, the perfor-
mance of PD is affected by switching conditions and voltage
stress from the experimental results.

To explain the physical mechanisms of the experimental re-
sults and further investigate the impact of switching conditions
on Rpson, a normally OFF AlGaN/GaN GIT with PD is mod-
eled, using the device structure presented in [26] for reference.
The schematic cross section of the device is shown in Fig. 17.

As shown in Fig. 17, the PD structure and the 2DEG channel
form a p-n junction with a built-in voltage Vi, where PD serves
as the anode and 2DEG channel serves as the cathode [27]. The
voltage drop Vp across the p-n junction is determined by

VD = Ich X Rch (1)
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Fig. 19. Device schematic cross section at turn-ON transient after 2-us 400-V
stress. (a) Hard-switching condition: Hole injection from PD due to high channel
current. (b) Soft-switching condition: Insignificant hole injection effect due to
low channel current at the switching transient.

where I, is the channel current and Ry, is the channel resistance
between the cathode and the drain electrode. The schematic
energy band diagrams of the p-n junction are shown in Fig. 18.
When Vp > Vg, holes can be injected from the p-GaN region to
the buffer layer.

During hard-switching turn-ON transient at high drain volt-
age, as shown in Fig. 16(b), high channel current I, causes
voltage drop Vp across the p-n junction (exceeds Vi), resulting
in the hole injection into buffer stack from PD, which can effec-
tively release the trapped electrons near the drain, and, therefore,
suppress current collapse. However, when operating under soft
turn-ON condition, the voltage stress at PD drops to near zero be-
fore the channel turns ON, resulting in very low current through
the channel at the transient, as shown in Fig. 16(c). Therefore, the
p-n junction cannot be switched ON due to V, < Vg. Thus, the
hole injection effect cannot be activated which leads to higher
dynamic Rpson.

The trapping mechanisms and impact of hole injection under
different switching conditions are analyzed by Silvaco TCAD
tool. The device is switched ON after 2-us voltage stress of
400 V under both hard- and soft-switching conditions. Differ-
ent switching conditions are realized by adjusting the overlap
between the given Vg and Vpg waveforms. Simulation result
in Fig. 19(a) verifies the hole injection phenomenon from PD
structure at hard-switching transient, while Fig. 19(b) shows in-
significant hole injection effect at soft-switching transient. The
simulation result in Fig. 20 is in qualitative agreement with
the experimental results, i.e., the device with PD structure per-
forms better Rpson characteristics under hard-switching than
soft-switching condition at high-voltage stress.
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In summary, there are two distinct mechanisms that cause
the nonmonotonic Rpson behavior of device C with increasing
voltage stress under hard-switching condition. When operating
below the turning voltage stress, the dominant hot electron ef-
fect results in increasing Rpson With voltage stress and higher
Rpson under hard-switching condition, as compared to soft-
switching condition. When operating above the turning voltage
stress, the hole injection effect from PD becomes more signifi-
cant as the voltage stress increase, which results in decreasing
Rpson with voltage stress and lower Rpson than soft-switching
condition.

VI. CONCLUSION

In this paper, dynamic Rpson behaviors of two types of state-
of-the-art commercial GaN devices are measured and compared
under hard- and soft-switching conditions including double-
pulse and multipulse operating modes, using the test circuit and
technique developed in this study.

It has been found that their dynamic Rpgon exhibit differ-
ent behaviors under hard- and soft-switching conditions due
to different device technologies. The experimental results and
mechanism discussion reveal the impact of switching conditions
on dynamic Rpson and provide valuable insights into the device
level for further understanding.

Based on the experiment and simulation analysis, special
considerations should be taken for current commercial GaN
power devices in terms of dynamic Rpson evaluation.

1) Impact of switching conditions should be taken into con-
sideration. In state-of-the-art GaN power devices, one way
to alleviate Rpson degradation is based on hole injection.
However, the effectiveness of hole injection strongly de-
pends on switching conditions, which results in different
dynamic Rpson behaviors under hard- and soft-switching
conditions. Therefore, besides the OFF-state voltage and
frequency, switching condition is also a key factor for
dynamic Rpson evaluation, especially for the devices us-
ing hole injection related technology to suppress current
collapse.
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2) Multipulse test is preferred to match practical applica-

(1]

(2]

(3]

(4]

[3]

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

tions. For some GaN devices, the method using single
pulse or double pulses could not reflect the Rpson behav-
iors in a steady-state operating converter since the Rpson
varies gradually during each switching cycle before set-
tling down. The variation depends on the trapping and
detrapping time constants in each switching period. In
this case, the multipulse test method, which operates in
a quasi-steady state, is preferred to match the practical
applications.
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