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Abstract—Dynamic on-state resistance (Rpson) of two
commercial 600V/650V GaN power devices under hard and soft
switching conditions are extracted and compared. In addition to
standard double-pulse tester (DPT), a triangular current mode
(TCM) soft switching circuit is built to simulate the actual
applications including double-pulse and multi-pulse operating
modes. The comparison between hard and soft switching
conditions reveals that the devices with different internal
structures exhibit significantly different dependence on the off-
state voltage and frequency under hard and soft switching
conditions, which should be taken fully into account for
converter design and loss estimation. To avoid misestimation, a
multi-pulse measurement need to be taken into considerations
when evaluating Rpson of GaN devices.
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Current collapse; Hard switching; Soft switching

I.  INTRODUCTION

GaN power devices exhibit great performance in high-
frequency applications. However, these devices often suffer
from current collapse, leading to an increase dynamic Rpson
after switching from high-bias off-state. The increase of
dynamic Rpson originates primarily from electrons trapping
into surface traps and buffer traps in the gate-to-drain access
region induced by gate leakage current in the off-state [1] or
hot electrons injection from channel in the switching transient
state [2].

Due to uncertain Rpson, it is no longer suitable for GaN
devices to use Rpson parameters from the datasheet (or curve
tracer) as a guideline to predict the conduction losses. In
addition to the impact of junction temperature, the Rpson
variation coefficient must be taken into consideration when
designing GaN based power converters.

There are mainly two kinds of methods for dynamic Rpson
measurement currently. One is the pulsed /-J measurement
using equipment, which mainly focus on device characteristics
and mechanism analysis (e.g. [3, 4]). However, this method is
not cost-efficient and induce high contact resistance as well as
long response time. The other one is using a test circuit aiming
at device applications (e.g. [5-14]).

A general used circuit for dynamic Rpson extraction is a
double pulse tester (DPT) where the DUT (device under test)
switches under hard switching condition [8, 10-12]. The impact
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of key operation parameters on dynamic Rpson including off-
state time, off-state voltage, drain current, temperature,
frequency, duty cycle and gate voltage are investigated in those
works. However, the impact of switching conditions on
dynamic Rpson has seldom been discussed. Reference [5]
compared the dynamic Rpson under hard and soft switching
conditions with off-state voltage. However, the test circuit used
resistance load, making it slightly deviate from actual
applications. Reference [10] mainly focus on gate
characteristics and provided a recommended Vgs in hard and
soft switching respectively. Reference [15] compared the
dynamic Rpson of the devices in development phase under the
two switching conditions by independently controlling the gate
and drain pulses.

Moreover, GaN device’s turn-on switching loss is much
higher than turn-off switching loss, making the device suitable
for zero voltage turn-on circuit [16]. Therefore, for application
perspective, conventional DPT or other hard switching test
circuit is not sufficient for a comprehensive investigation of
dynamic Rpson. An additional soft switching test circuit
including pulsed and continuous operating modes is
indispensable.

This paper provides a simple and effective method for
comprehensive investigation of dynamic Rpson including hard
and soft switching conditions. Compared to other soft
switching test circuits [5, 7, 17], the proposed -circuit
corresponds more to the reality because it bases on a widely
used TCM soft-switching technics [18]. It has fewer
components and could be easily implemented from
conventional DPT.

Although GaN device manufacturers have made much
progress in mitigating current collapse (e.g. use field plates)
[19], commercial GaN devices still suffer from this
phenomenon. In this paper, two types of commercial GaN
devices representing the state of art are tested and compared
with the presented setup. The key parameters of DUT are
shown in Table I, where a Si MOSFET is measured for
comparison.

The paper is organized as follows. Section II describe the
proposed test methods including hard and soft switching test
circuit with the presented setup. In Section III and Section IV,
the experimental results in double-pulse test and multi-pulse



test are shown and discussed respectively. Section V concludes
the paper.

TABLE L SUMMARY OF DEVICE UNDER TEST
Parameters Device A Device B Device C
Voltage/Curre 600V/13A 650V/30A 600V/35A
nt Rating
E-mode E-mode ™
Technology (X-GaN GIT) (p-gate) CoolMOS
Package DFN 8x8 GaNPX™ 4 TO-220
Ropson® 140mQ 50mQ 60mQ

* The Rpso values are obtained from data sheet
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Two types of test circuit are built for Rpson evaluation: a
generally used DPT with half-bridge configuration for hard
switching condition and the proposed TCM test circuit for soft
switching condition. The two test circuits are integrated into
one test board to avoid the device being repeatedly soldered
and desoldered between different test boards.

TEST SETUP AND DESIGN CONSIDERATIONS

VGs2 VGsy
v Driver vGs Vast
(e D 1 38
—_ -t
Vot Vps
Vn() JG]G| G — Clamping Cireuit 2
~ o o+ Ins R -
) < i Velamp I
e T ;
Vs Vel i Ips
i vr\s¢ - Dy, c.mv Vee! P
Current Shunt = = ¢
(a) (b)

Fig. 1. Hard-switching test. (a) Double-pulse test circuit in half-bridge
configuration with clamping circuit. (b) Double-pulse control signals and
related waveforms.
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Fig. 2. Soft-switching test. (a) Proposed TCM test circuit (clamping circuit
not shown here). (b) Double-pulse control signals of DUT and related
waveforms.

Fig. 1(a) shows the DPT circuit and schematic waveforms.
The measurement region starting from the second pulse of the
DUT is highlighted in Fig. 1(b). Details about measurement
issues of DPT can be found in [20, 21] and are not involved
here. Fig. 2(a) shows the proposed TCM soft switching test
circuit. It is similar to a synchronous Buck converter but the
output capacitor has initial voltage due to the series of Co; and
Coz. Therefore the DUT can be forced to operate in double-
pulse or multi-pulse mode without additional precharge process
of the output capacitor. The capacitance of Coi and Co, are
large enough to keep the voltage of them constant during the us
level test. R, R, are used to determine the initial voltages of
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Co1 and Co (i.e. the duty cycle) in multi-pulse test. In this
work, the value of R;, R, are selected identical to realize 50%
duty cycle. The control signals and related waveforms with
measured part highlighted are shown in Fig. 2(b). By
controlling the on-state time of the top-side device in the first
pulse, a small reverse drain current could flow through DUT
before turn-on to realize ZVS.

Rpson is determined by measuring on-state voltage and drain
current. In order to measure the low on-state voltage
comparing with the high off-state voltage, a fast and accurate
clamping circuit is required. Several circuits for high accuracy
measurement of on-state voltage are proposed in previous
works[5-7, 9, 22-24]. The clamping circuit in [22] was selected
and simplified for Rpson evaluation in this paper. The clamping
circuit is shown in Fig. 1(a), the voltage drop Vciamp across the
Zener diode Dy is measured instead of vps. Different to [22],
the diode forward voltage Vp; is calibrated rather than use a
constant value since the variation of Vp; will affect
measurement accuracy especially for low Rpson devices. The /-
V' characteristics of the diode are measured by HP4155B
semiconductor parameter analyzer to obtain a fitting formula
between forward voltage V¢ and forward current /r. To avoid
junction temperature rising of D, the value of R is selected
carefully to keep the forward current between 20mA and
25mA. The first available Rpson data can be taken after ~150
ns from turn-on. The delay time is optimized with full
considerations by using a SiC Schottky diode with small
junction capacitance and a small clamping loop with minimal
parasitic inductance.
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Fig. 5. Experimental waveforms and the

test method.

Fig. 4. Photo of the four-layer
PCB test board.

Fig. 3 depicts the test system setup and Fig. 4 shows the
photo of the four-layer PCB test board. The gate loop and
power loop of the half bridge circuit are designed as small as
possible to minimize parasitic inductances. The drain current is
measured with a 0.1Q 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 V-I alignment is achieved by removing the
bottom device with a low inductance resistor and measuring
the voltage and current of the resistor at the same time [21].

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

Fig. 5 depicts the method of dynamic Rpson evaluation in
double-pulse operating mode including the measurement delay
time. The DUT is turned on for 2us during the first pulse. After
a short interval of 2ps, the DUT is turned on again due to the
second 2ps pulse. Dynamic Rpson variation are measured and
calculated during the second on-state time highlighted in Fig. 5.
The dynamic Rpson at 500ns and 2ps after turn on are
extracted for comparison. For each DUT, the Rpson is
measured under different voltage stresses from 50V to 400V
(50V per step) with the same drain current. For Device A, the
drain current increases from 0 to SA during the first 2us pulse
and 5A to 10A during the second 2ps pulse in hard switching
condition. When operating in soft switching condition, the
drain current increases from a small reverse current up to 10A
during each 2pus pulse. For Device B and Device C, the drain
current increases from 0 to 10A during the first 2us pulse and
10A to 20A during the second 2ps pulse in hard switching
condition. When operating in soft switching condition, the
drain current increases from a small reverse current up to 20A
during each 2ps pulse.

Fig. 6(a)-(e) shows the measured Rpson variation of the
three DUTs in hard and soft switching conditions respectively.
The time point when veamp begin to fall is set as the origin of
the time axis. Therefore, the missing Rpson data during the
initial part of time axis suggest the measurement delay time,
which is within 150ns. In Fig. 6(b), (d), (f), the missing Rpson
data time is longer than 150ns due to the deadtime set as 100ns
in soft switching condition. The large oscillations at the first
500ns originate from the errors caused by small drain to source
current ips at the beginning of conduction in soft switching
condition, which is used as denominator when calculate the
Rpson.

The measured Rpson values are normalized by the static
Rpson at room temperature from the datasheet. Dynamic/Static
Rpson values at 500ns and 2000ns after turn on with different
voltage stresses under hard and soft switching conditions are
depicted in Fig. 7.
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Fig. 6. Dynamic Rpson under hard and soft switching conditions with

different voltage stresses from 50V to 400V (50V per step) with the same
drain current. (a), (b) Device A; (c), (d) Device B; (e), (f) Device C. Inset:
drain current variation during the measurement period.

It is obvious that the three devices have different Rpson
variation patterns with voltage stress. As expected, there is no
dynamic Rpson effect in Device C, the Si CoolMOS (Fig. 7(c)).
For Device B, the dynamic Rpson under hard and soft
switching conditions exhibit similar variation pattern with off-
state voltage but a lower Rpson is observed under soft
switching condition. The results are consistent with a general
understanding of GaN devices from previous works [5, 10, 17]
and the phenomenon is attributed to hot electron effect [2].

In contrast, Device A shows different characteristics. The
relationship between Rpson and voltage stress in hard
switching is non-monotonic, surprisingly, it exhibits nearly
static Rpson under high voltage stress (400V). However, an
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Fig. 7. Dynamic/Static Rpson under different voltage stresses in hard- and soft- switching conditions. Dynamic/Static Rpsox values at 500ns and 2000ns after turn-

on are plotted respectively. (a)Device A; (b)Device B; (c) Device C.
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obvious increase of dynamic Rpson under soft switching
condition is observed, which is more severe under high voltage
switching condition (400V). Similar phenomenon has been
shown in [15] where the GaN HFETs under test showed higher
current collapse under soft switching condition, but the
physical mechanism is different due to the different device
structures of Device A and DUT in [15] .

Compared with Device B, Device A is fabricated with an
additional p-GaN drain (PD) beside the drain electrode [25].
This structure is helpful to eliminate current collapse since the
injected holes from PD at high voltage stress can effectively
release the trapped electrons near the drain. However, the
performance of PD is affected by switching conditions as is
shown in our experimental results. When operating under soft
switching condition, the hole injection effect of PD is
weakened, which accordingly lead to higher dynamic Rpson.

The experimental results reveal the impact of switching
conditions on dynamic Rpson due to different device structures.
Therefore, for current commercial GaN power devices, it is not
exactly proper to evaluate current collapse characteristics
without considering switching conditions, which otherwise
may lead to misunderstanding of dynamic Rpson and errors in
loss estimation.

IV. MULTI-PULSE TEST UNDER HARD AND SOFT
SWITCHING CONDITIONS

The trapping and detrapping effect of GaN device is similar
to the charging and discharging process of series of RC units
with specific time constants [9, 26]. It suggests that the
dynamic Rpson need time to reach steady state and the
response time depends on frequency. Therefore, a continuous
multi-pulse operation mode with different frequencies need to
be taken into considerations.
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Fig. 8. Multi-pulse test waveforms (a)under hard switching condition and (b)
under soft switching condition at Vps=100V and /=250kHz.
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In this operation mode, only Device A and Device B are
tested. Fig. 8 shows the measured waveforms and depicts the
method of dynamic Rpson evaluation in multi-pulse operating
mode. The total operating time is limited to 100us to avoid
self-heating. For each DUT, the dynamic Rpson is measured at
250kHz, 500kHz and 1MHz with the same drain current. For
hard switching, the drain current increases during each on-state
time up to the determined final value in the final cycle. For soft
switching, the drain current increase from zero to the final
value during each cycle. The drain current final value is
determined as 10A, 20A for Device A and Device B
respectively. Meanwhile, the impact of frequency on the
dynamic Rpson at different voltage stresses of 100V and 400V
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Fig. 9. Dynamic Rpson variation of Device A during the total 100us test
period under hard switching (HS) and soft switching (SS) conditions with
different frequencies. (a), (b) at 100V stress; (c), (d) at 400V stress.
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Fig. 10. Dynamic Rpson variation of Device B during the total 100pus test
period under hard switching (HS) and soft switching (SS) conditions with
different frequencies. (a), (b) at 100V stress; (c), (d) at 400V stress.



is observed. The duty cycle in all case is set as 50% to ensure
the same stress time of DUT operating at different frequencies.
Dynamic Rpson during the total 100us test period are shown in
Fig. 9 and Fig. 10. The average Rpson during the last 20ns of
the final conduction period is calculated and plotted in Fig. 11
for comparison.

An increasing Rpsonis observed in hard switching condition
due to the increasing drain current. However, it will not affect
the comparison results since the drain current during the last
20ns of the final conduction period can be seen as constant and
the same in hard and soft switching condition. It is noteworthy
that for device A under soft switching condition, shown in Fig.
9(b), (d), the dynamic Rpson decrease gradually to a steady
value with the increase of pulse number. The pulse numbers
needed to reach the steady state are different with frequency
and voltage stress, suggesting that the traditional test method
using only one or two pulses is not sufficient for dynamic
Rpson evaluation of GaN devices due to the trapping and
detrapping effect.

2161 (a) e 216 (b)

2 .o Aevss) g 400V HS _
% 1.4} P - % 141
o - a00vHs| © .
® g s — 400V SS
312 612 e B
8 S 100V HS
€ ol |

g 0 g O w===z S 100 58
& ogl . . N Y- YOO . . .

250 500 750 1000 250 500 750 1000

Frequency (kHz) Frequency (kHz)

Fig. 11. Dynamic/Static Rpson with different frequencies at 100V and 400V
under hard and soft switching conditions. (a) Device A; (b)Device B.

It is well acknowledged that higher frequency results in an
increase of the dynamic Rpson and the increase is more
apparent with higher voltage stress due to more severe trapping
effect [12]. Experimental results show that the impact of
frequency depends on switching conditions and DUT structure,
shown in Fig. 11. For Device A with PD structure, Rpson
increase with frequency in both hard and soft switching
condition and a higher Rpson is observed in soft switching
condition. The difference of Rpson in the two switching
conditions is more obvious in high voltage and high frequency
operation, suggesting a weakened function of PD structure in
soft switching condition, especially for high voltage and high
frequency applications. For Device B, the measured Rpson is
relatively insensitive to the switching frequency in soft
switching condition since it suffers no hot electron effect which
usually occurs in hard switching condition.

V. CONCLUSIONS

This paper provides a simple and effective method for
comprehensive investigation of dynamic Rpson under hard and
soft switching conditions including double-pulse and multi-
pulse operating modes.

Experimental results and discussion of the two commercial
GaN devices reveal the impact of switching conditions on
dynamic Rpson due to device structures. Therefore, for current
commercial GaN power devices, it is not exactly proper to
evaluate dynamic Rpson characteristics without considering
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switching conditions, which otherwise may lead to
misunderstanding of dynamic Rpson and errors in loss
estimation. Moreover, experiment results show that the
traditional test method using only one or two pulses is not
sufficient for dynamic Rpson evaluation of GaN devices from
the application point of view.

This paper aims to further enhance the understanding of the
dynamic Rpson under different switching conditions and the
analysis results can provide valuable information for GaN
based power converter designs.
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