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Abstract— In GaN e-HEMTs, Threshold Voltage (Vrn)
shift from gate voltage (Ves) stress depends on the Vgs
magnitude, stress time, recovery time (time between stress
removal and Vrm measurement), temperature and pulse
polarity (0 to + Vs or - Vs to + Vas). In this paper, unipolar
(0 to Vs) and bipolar (-Ves to + Ves) pulsed gate stresses
have been performed on GaN e-HEMTs with different Vs
magnitudes. The pulse frequency ranges from 25 Hz to 200
kHz. The results show negative Vru shifts for unipolar Ves
pulses (between 5V and 8V) at long recovery times (above
500 seconds). The Vru shift is proportional to the Ves pulse
magnitude. When the recovery time is increased from 50
milliseconds to 500 seconds, the measured V'ru shift becomes
more negative, indicating a faster release of trapped
electrons than holes. In bipolar stresses, results show both
positive and negative Vru shifts with no clear magnitude or
frequency dependencies.

Keywords—GaN HEMTs, Gate Stress, Threshold Voltage
Stability

I. INTRODUCTION

Threshold voltage (V7y) shift in GaN HEMTs is more
complicated than that in traditional silicon and SiC devices with
traditional MOS interfaces. This is due to the fact that devices with
MOS gates do not have hetero-junctions, hence, threshold voltage
shift is due to charge trapping in the gate dielectric and in the
semiconductor-to-dielectric interface [1-4]. Hence, positive gate
voltage (Vgs) stress in MOS gates results in negative charge
trapping and positive Vry shifting. Likewise, negative Vs stress
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leads to positive charge trapping in the dielectric interface thereby
leading to a negative Vg shift. However, commercially available
normally-OFF Schottky-Gated GaN HEMTs comprise of metal, p-
GaN layer, AlGaN layer, GaN buffer layer all on a multi-layer
substrate on silicon as shown below in Fig. 1. This figure shows
that when the gate of the device is subjected to a positive voltage,
electron injection into the p-GaN layer and hole injection into the
AlGaN layer can occur with opposing effects on threshold voltage
shifting. This means both positive and negative charge trapping
can occur at the different interfaces of the complicated multi-layer
GaN structure [5-11].
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Fig. 1. Schematic picture of GaN HEMT and band diagram of the gate system

In [12], positive Vs stress resulted in positive ¥z shift when
the V7 measurement was performed 50 ps after stress removal.
The reason for the positive Vry shift was stated to be electron
injection from the AlGaN/GaN 2DEG channel and subsequent
trapping in the p-GaN layer. However, in [13], measurements
showed that negative V7 shift resulted from positive Vs stress
(Ves =5V) at low temperatures with the Vzy shift becoming
positive as the temperature increased. At low Vs stress (2V), the
shift was positive. The positive V7 shift was attributed to the
electron trapping at the AIGaN/GaN interface while the negative
Vru shift was attributed to hole trapping at the p-GaN/AlGaN



interface. Gate voltage stress measurements were performed on
650 V p-GaN HEMTs in [14] and subsequent gate transfer
characteristic measurements showed a positive Vry shift due to
electron trapping in the p-GaN layer. The time constant for the
electron trapping and de-trapping was estimated to be 0.1ms and
100 ms respectively, with negative Vg shift occurring at higher
Vs stress. However, in [15], a negative Vg shift was reported from
positive Vs stress due to hole injection from the metal into the p-
GaN gate. The recovery time was not mentioned. In [16], Ohmic
and Schottky p-GaN gated GaN HEMTs were tested and simulated
under positive and negative Vs stress and V7 was measured using
double-pulse measurements. The results showed that the polarity
of the Vry shift depended on the leakage currents of the Schottky
contact. Measurements of /7y instability using the third quadrant
forward voltage as a technique were introduced in [17, 18]. The
measurement results showed an initial positive /7y shift for
positive Vgs stress at high voltages however as the recovery time
was increased, the V7 shift became negative. Hence, it is clear that
the Vrw shift in GaN is more complicated since it depends on Vs
stress time, magnitude, temperature and recovery time.

In this paper, the impact of the Vs stress voltage magnitude,
Vs pulse frequency, polarity of Vs turn-OFF value and the role of
preconditioning on the measured Vyy in GaN HEMTs is
experimentally evaluated. Section II describes the experimental
setup, section III discusses the results and section IV concludes the

paper.
II. EXPERIMENTAL SETUP

In this paper, Vs stress and V7 measurement is performed
using a Source-Measurement-Unit (SMU) from Keithley model
2602B. By using a relay and programming the SMU using
Labview, the configuration of the circuit can change from stress
mode to measurement mode. Fig. 2(a). shows a circuit schematic
of the measurement system in stress mode while Fig. 2(b). shows
the schematic in measurement mode. In stress mode, the gate
driver applies the stress voltage onto the DUT with the drain-
source terminals of the DUT shorted. The Vr7y is measured by
shorting the gate and drain terminals and measuring the voltage
drop across the drain-source while a current of 1mA is forced
through the device. The picture of the set-up is shown in Fig. 2(c).
where the gate driver board is shown alongside the DUT, the
national instrument controller and the relays used to switch
between Vs stress mode and Vry measurement mode. The
recovery time (time between Vs stress and Vrm measurement) is
set by the SMU. Fig. 2(d). shows the entire test set-up including
the SMU, the test PCB, gate driver, electric heater (for setting
junction temperature) etc.

The device under test (DUT) is a 650 V enhancement mode
GaN HEMT from GaN Systems with datasheet reference
GS66508T. The device was mounted and soldered onto a
custom designed interface board for interfacing with the SMU.
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Fig. 2(a). Vs stress set-up for GaN e-HEMTs (b). V7, measurement set-up for
GaN e-HEMTs (c). Gate driver board and Controller for HTGB Test of GaN e-
HEMTs (d). Test set-up for HTGB test on GaN e-HEMTs

III. EXPERIMENTAL RESULTS

A. Impact of Stress Voltage (Low Frequency Pulses)

Fig. 3(a). shows results of the measured /7y shift against Vs
stress pulse measurements. The pulses are deployed with a
frequency of 25 Hz. Fig. 3(a) shows the results of Vi
measurements for unipolar stresses at different Vs ranging
from 5 V to 8 V. It should be noted that these measurements
were performed with long recovery times (over 600 seconds).
Negative V7 shift has been attributed to electron trapping in the
p-GaN buffer layer from the 2-dimensional electron gas
(2DEG) formed between the AlGaN layer and the GaN buffer
layer. The relationship between the absolute value of the Vi
shift and Vs stress magnitude (for the stated recovery time and



voltage range) follows the relation shown in Fig. 2(b) and given
by Equation (1) below.

Ve = 0.0823V25 — 0.477V ;5 + 0.826 (1)

Fig. 4. shows results of Vry shift measurements from bipolar
Vs stress pulses. The results show a positive Vry shift for
bipolar Vgs pulses with amplitudes of 5 V and 6 V while
showing a negative Vry shift for Vgs pulses with amplitudes of
7 V and 8 V. Similar to the previous measurements, the
recovery time was long (over 500 seconds). The positive Vry
shift for 5 V and 6 V bipolar stresses indicates that electron
trapping in the p-GaN gate buffer from the 2-DEG dominates
the hole injection in the AlGaN layer from the p+ GaN gate. As
the amplitude of the bipolar Vs pulse is increased to 7 V and
8 V, the negative Vry shift indicates vice versa.
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Fig. 3(a). V7 change vs time for unipolar Vs pulsed stress with Trgc =500 s
(b). Threshold voltage change vs Vg stress voltage
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Fig. 4. Threshold voltage change vs pulse number for bipolar Vs pulsed stress
Trec = 500 seconds

The measurements in Fig. 4. can also mean that at lower bipolar
Vespulses (5 V and 6 V) trapped holes are more readily released
than trapped electrons over long recovery times leading to a net
positive shift in Vry. As the magnitude of the bipolar Vs pulse
is increased (7 V and 8 V), the reverse is the case.

B. Impact of Stress Voltage (High Frequency Pulses)

The impact of the stress voltage on Vry shifting in GaN
e-HEMTs has been investigated by applying a 50 kHz Vs pulse
with the Vs magnitude varied from 5.5 V to 8 V. The Vry has
been measured 50 milliseconds and 500 seconds after stress
removal. Fig. 5. shows the pulse sequence, which includes a
preconditioning pulse, a pre-test measurement of Vrm, a Vs
pulse train of defined magnitude, frequency and duty cycle
followed by a post-test measurement of V7.
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Fig. 5. Pulse sequence for Gate stressing testing at high switching frequencies.

Fig. 6(a). shows the measured V7 with a recovery time of
50 milliseconds while Fig. 6(b). shows that for 500 seconds.
The results show a negative Vry shift for pulsed Vs stress at
both short (50 milliseconds) and long (500 seconds) recovery
times. The measurements in Fig. 6(a). and Fig. 6(b). shows a
more negative shift in Vry after a longer recovery time. This
agrees with measurements in [17] which show that Vg shift in
GaN e-HEMTs subjected to positive Vgs stress are initially
positive at short recovery times and subsequently become more
negative as the recovery time increases. Additionally, [17] also
showed the impact of the stress time on the measured peak shift
when the device was stressed using a gate voltage of 5.5V,
positive for short stress times and becoming negative as the
stress time was increased.
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Fig. 6. Vyy shift vs time for 50 kHz unipolar Vs pulsed stress (a) Recovery
time 50 milliseconds, (b) Recovery time 500 seconds (c) V7 shift as function
of stress voltage (1000 seconds pulsed Vs stress — Recovery time 50
millisecond 500 seconds)

Unlike SiC MOSFETs where a positive Vs stress causes
Vru to increase because of negative charge trapping, in GaN e-
HEMTs, the Vry shift can be positive or negative depending on
the Vs stress magnitude and recovery time. The explanation for
this is that a positive Vs stress simultaneously causes electron
injection into the p-GaN buffer layer (which causes Vi
increase) and hole injection into the AlGaN/GaN interface
(which causes Vryy decrease). Since both these negative and
positive charges are released over time, the net movement of
Vi will be negative if the electrons are released faster than the
holes and positive if holes are released faster than electrons.
Also observable in Fig. 6(a). and 6(b). is that fact that the
magnitude of the Vry negative shift is directly proportional to

the Vs stress at 500 seconds recovery time. However, at 50
milliseconds recovery time, there is no clear trend. This is
because there is very significant charge dynamics and the Vry
is in transition at this time, hence, the measured V7 is highly
unstable.

Fig. 6(c). shows the V7 shift as a function of Vs stress after
1000 seconds for both 50 milliseconds and 500 seconds
recovery time. It is clear from Fig. 6(c)., that the magnitude of
the measured Vry shifts increases with the recovery time. Also,
the magnitude of the Vry shifts decreases with the Vs stress
voltage at short recovery times and increases with stress voltage
at long recovery times.

C. Impact of Pulsed Stress Frequency

Experimental measurements were performed with high
frequency Vgs stress pulses ranging from 50 kHz to 200 kHz.
These pulses were applied with a custom-made gate driver and
were done for unipolar stress pulses (0 V to 5.5 V) and bipolar
stress pulses (-3 V to 5.5 V). In these measurements,
preconditioning was performed on the devices before each
pulse sequence. Fig. 7(a). shows test results for a pulsed
unipolar Vs stresses in the GaN e-HEMT.
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Fig. 7(a). Threshold voltage change vs stress time for unipolar Vgs pulsed
stress Trec = 50 milliseconds (b). Threshold voltage change vs stress time for
bipolar Vs pulsed stress Tgec = 50 milliseconds

In these measurements, the recovery time (time between Vs
stress removal and V7 measurement) was between 30 and 50
milliseconds. The results show a negative Vry shift that is
inversely proportional to frequency with the shifts going from
12% at 50 kHz to 4% at 200 kHz. The measurement was



repeated on two additional devices and the trends were shown
to be repeatable. Fig. 7(b). shows the measured Vr7y shift for
bipolar Vs stress pulses. There is no clear correlation between
the Vs pulse frequency at the polarity and magnitude of the
measured Vry shift. Further measurements did not produce
repeatable results. The explanation here is that the measured
Vg from bipolar Vgs pulses is highly unstable since both
electron and hole injection and release is occurring, hence, for
short recovery times, the highly unstable nature of the V7 gives
random non-repeatable results.

D. Impact of Preconditioning

Preconditioning is a pulse applied to the gate of the DUT
prior to the pre-test V7 measurement. The purpose of this pulse
is to define a known state of charge in the gate system of the
DUT so that subsequent V7 measurements performed on the
DUT have a reference point i.e., it acts as a charge reset button
in the gate. Vry shift from Vgs stress comprises of both a
temporary component as well as a permanent one.
Preconditioning is used to remove the temporary component so
that the permanent component is characterized. In this part of
the paper, Vry shift as a function of time for different Vs
stresses (5.5 V, 6V, 7V and 8 V) is assessed. Vry is measured
at different time intervals (1, 10, 100 and 1000 seconds) for the
same device. In one set of measurements, preconditioning is

implemented between the time intervals and in the other set of
measurements, there is no preconditioning except for the first
measurement. Fig. 8(a) shows the gate pulse sequence when
there is preconditioning while Fig. 8(b) shows the gate pulse
sequence without preconditioning. The purpose of these
measurements is to determine the impact of preconditioning on
the measured Vzy shift and to see how well preconditioning
resets the V7i between measurements.

Fig. 9(a). shows the pre-stress measured V7y for the same
device measured at different time intervals with a 5.5 V
unipolar Vs pulse applied at 50 kHz. Fig. 9(b). shows the same
measurements however with a Vgs pulse magnitude of 8 V. In
both measurements, the recovery time is 500 seconds, so that
the temporary shifts of the /7y have elapsed. In both Fig. 9(a).
and Fig. 9(b)., the results show the pre-stress Vgs decreases
when there is no preconditioning compared to when there is
preconditioning. This means that preconditioning restores the
pre-test Vry to its original value. The result is that the measured
Vry shift is higher (i.e. more negative Vyy) when
preconditioning is removed.

Fig. 10(a) shows the measured Vry shift for different Vs
stress durations for a 50 kHz unipolar Vs pulse (magnitude is
5.5 V) with and without preconditioning. Fig. 10(b) shows
similar measurements for another device with a Vs magnitude
of 8 V.
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Fig. 8. Vs Pulse train for gate stressing of GaN e-HEMT (a) with preconditioning and (b) without preconditioning
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Comparing Fig. 10(a) and 10(b), it is clear that preconditioning
does not impact the measured Vzy for a 5.5 V Vgs stress,
whereas for an 8 V Vs stress, preconditioning reduces the
magnitude of the measured Vry shift. This is because
preconditioning injects electrons into the p-GaN gate buffer and
causes the Vrx to rise to the pre-test level. Hence, when there is
preconditioning, the pre-test Vg is reset to the original Vryy at
the start of the measurement sequence.

IV. CONCLUSIONS

The results in this paper show that unipolar pulsed positive
Vs stress results in negative Vry shift in GaN e-HEMTs. When
a positive Vs stress voltage is applied on a GaN e-HEMT,
electrons are injected into the p-GaN gate while holes are
injected into the AlGaN layer. The net result of the V7 shift will
depend on which effect is dominant, however, positive Vgs
stress has been shown to result in negative Vry shift for unipolar
Vs stresses. The magnitude of the V7 shift is proportional to
the Vs stress. As the recovery time is increased, the magnitude
of the negative shift increases. This is because the release of
captured electrons occurs at a faster rate compared to the release
of trapped holes, thereby leading to an increasing net negative
charge as time increases. The Vry shift has been shown to
increase with a reduction in pulse frequency for frequencies
between the range of 50 kHz and 200 kHz. The measured Vry
shifts from bipolar Vgs stress pulses showed no discernible
pattern with stress voltage and frequency since both positive and
negative Vry shift resulted for stress magnitudes between 5 V
and 8 V. Measured Vry shift has been shown to be higher
without preconditioning compared to with preconditioning. This
is because preconditioning resets the V7 (increases it to the pre-
test level) by injecting electrons into the p-GaN gate buffer.
Assessing Vry shift in GaN e-HEMTs is more complicated that
SiC MOSFETs because magnitude and polarity of the V7 shift
depends on the magnitude of the Vgs stress, the polarity of the
Vs stress, the pulse frequency, and the recovery time.
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