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Abstract—An unexpected enhancement of Vth drift (∆Vth) in GaN
MIS-HEMTs induced by repetitive forward gate bias stress
pulses in contrast to single pulses is found. Further, it is revealed
that the slope of ∆Vth recovery curves decreases for increasing
intermediate-recovery time ti, i.e. the recovery time in between
individual stress pulses. The observed behavior is explained by
the interaction of the 2DEG channel with the dielectric/III-N
interface via the III-N barrier during (repetitive) stress, for
which a charge feedback mechanism plays a crucial role.
Keywords – repetitive stress pulses; forward gate bias stress;
threshold voltage drift; AlGaN, GaN; MIS-HEMT; bilayer gate
stack, Coulomb charging, charge feedback mechanism, capture
emission time map

I.

INTRODUCTION

Threshold voltage drifts induced by forward gate bias stress
are a severe problem for GaN MIS-HEMTs [1, 2, 3, 4, 5]. A
broad distribution of characteristic stress/recovery time
constants over many decades was found recently [3, 4, 5].
These studies focus mostly on the degradation induced by
single stress pulses. Although normally-on GaN-HEMTs are
usually operated at gate biases VG < 0, stress pulses with VG >
0 can occur during switching the device to on-state (e.g. due to
overshoot) [4]. The investigation of repetitive stress is thus of
major concern for the reliability of these devices.
In this work, we investigate Vth drifts due to repetive stress
with varying stress bias VG,stress, stress time of each individual
stress pulse ts and intermediate-recovery time ti. It is found that
the slope of ∆Vth recovery curves (i.e. |dVth/dlog(tr)|) after
repetive stress pulses is decreasing with the number of pulses
N, i.e. the Vth drift gets more permanent. This result is
discussed by means of the so-called capture-emission time
(CET) map [3, 5, 6, 7, 8, 9] and in addition a link to previously
reported observations of higher-order capture/emission
kinetics in these devices is made [5]. Moreover, a changing
slope of the recovery curves after repetitive stress pulses in
dependency of ti is found. Further an enhancement of ∆Vth due
to repetitive stress (VG > 0) compared to continous stress with
a stress time of N·ts can be observed under certain stress
conditions. Thus the Vth drift due to repetitive stress, as one
would expect in an application, cannot be directly estimated
from a continuous stress test. The observations are ascribed to
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Tab. 1 Overview of gate bias VG and drain bias VD for the different phases of
electrical stress tests. The source bias VS is always 0 V (ground potential).

an electrostatic feedback mechanims in the double layer gate
stack composed of III-N barrier and dielectric.
II.

EXPERIMENTAL SETUP

The test devices are fabricated on GaN-on-Si wafers. The
gate stack consists of a 30 nm SiO2, a 3 nm GaN cap, and a 25
nm Al25Ga75N barrier. The test devices have a gate length and
width of 1.3 µm and 480 µm, respectively. The wafer surface
is cleaned with a HF dip prior to dielectric deposition. The

Fig. 1. Schematic of the pulse pattern used for different stress modes: (a)
continuous stress, (b) repetitive stress with ∆Vth monitoring during
intermediate-recovery, (c) repetitive stress without monitoring and (d)
equivalent continuous stress. The stress parameters are forward gate bias
VG,stress, number of stress pulses N, duration of an individual stress pulse ts,
intermediate-recovery time in between each individual stress pulses ti.
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dielectric is deposited by a low-pressure chemical vapor
deposition process. This is followed by a post-annealing at
1000 °C under N2 atmosphere for 1 min. The nominal
threshold voltage of the devices is -12 V.
The electrical stress tests are divided into three different
phases: 1) stress, 2) recovery, and 3) ∆Vth measurement, cf
Tab. 1. During stress, a forward gate stress bias VG,stress is
applied for a stress time ts, while the drain and source contacts
are grounded. The recovery is performed with all device
contacts grounded. The same holds for intermediate-recovery,
i.e. recovery in between consecutive stress pulses (Fig 1b, c).
The transient of ∆Vth is recorded at measurement bias
conditions VG,meas and VD,meas. Details can be found in [4].
These three phases are combined to different stress modes, cf.
Fig. 1. The simplest form is continuous stress, where the Vth
drift is recorded after a single stress pulse (Fig. 1a). A
comprehensive study about continuous stress is made in [5].
For repetitive stress, we distinguish between repetitive stress
with (Fig. 1b) and without monitoring (Fig. 1c) of ∆Vth during
intermediate-recovery. The reason for this is that monitoring is
limited by the minimum measurement delay of 4 µs. For each
stress test a virgin device is used to ensure defined initial
conditions. In Fig. 2 a sample record of the gate signal for
repetitive stress (cf. Fig. 1c) is given.
III.

Fig. 2 Oscilloscope record of the pulse pattern for stress parameters VGstress =
5 V, ts = 1 µs, and ti = 1 µs. The sampling rate of the oscilloscope is 10
MSa/s (250 MSa/s in the inset). No spikes occur during switching, which
might hypothetically explain the enhancement of ∆Vth after repetitive stress.
After the stress pulses, the bias is directly switched to measurement
conditions [4].

EXPERIMENTS

A. Repetitive Stress with Monitored Intermediate-Recovery
In Fig. 3a the recovery of Vth is shown for repetitive stress,
where the Vth recovery is recorded after each consecutive
stress pulse (see stress sequence in Fig. 1b). The Vth drift
increases with the number of stress pulses N, while the slope
of the recovery curves slightly decreases. This means that with
increasing N, the degradation is more permanent, i.e. less
recovery within the same intermediate-recovery time ti. In
addition, the difference between consecutive curves gets
smaller. In Fig. 3b, the extraction of the Vth drift at two fixed
recovery times tr1 and tr2 is plotted over the logarithm of N.
This reveals a logarithmic increase with N for the overall Vth
drift for both extraction times. Moreover, it is remarkable that
the slope of the curve extracted at tr = tr2 is steeper than those
of the curve extracted at tr = tr1. Hence, the difference of the
two curves shows a declining trend, i.e. the total value of Vth
recovery between tr1 and tr2 declines with increasing N.
B. Repetitive Stress with Varying Intermediate-Recovery
From the application point of view, the repetitive stress test
can be used to mimic the appearance of positive overshoot
pulses [4]. These can occur due to parasitic elements in the
switching circuit. The intermediate-recovery time ti is a
measure for the repetition frequency of these pulses. The
influence of a varying intermediate-recovery time ti (i.e.
varying repetitive frequency) is investigated in this section. In
order to ensure identical test conditions for all tests, the
monitoring of intermediate-recovery is not applied in this
section (see stress sequence in Fig. 1c).
A comprehensive overview of ∆Vth recovery after
repetitive stress under various stress conditions is given in Fig.

Fig. 3 (a) Recovery curves for repetitive stress according to Fig. 1b, with N =
100, VG,stress = 5 V, ts = 100 ms, ti = 107 s. The dashed black line shows a ∆Vth
curve for continuous stress with a stress time of N·ts = 10 s for comparison.
Note that the notation recovery time tr in this example is used also for the
intermediate-recovery time ti for simplicity, cf. Fig. 1b. (b) Extraction of ∆Vth
at two different tr1 = 100 µs and tr2 = 100 s for the data in (a).

4. The intermediate-recovery time ti is varied from 100 ns up
to 100 s. The number of stress pulses is kept constant at N =
100. Stress biases VG,stress of 2, 3 and 4 V and stress times ts of
1µs, 1 ms and 1 s are chosen. The recovery curves for
continuous stress with stress times ts and N·ts are given for
comparison. Since under repetitive stress conditions the Vth
drift is recovered in between each stress pulse, one could
expect that ∆Vth induced by continuous stress for a total stress
time of N·ts (Fig. 1d) gives an upper limit for ∆Vth induced by
repetitive stress [8, 9].
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Fig. 4 reveals an enhancement of Vth drift for short ti
induced by repetitive stress over a wide range of tr against
continuous stress with a stress time of N·ts. In particular, for a
VG,stress of 3 V the effect is most pronounced (Fig. 4d-f). For a
VG,stress of 2 and 4 V a significant enhancement is only
observed for a ts of 1 s (Fig. 4c and Fig. 4j). Further, the slope
of ∆Vth recovery curves decreases with increasing ti, i.e. more
recovery processes with longer recovery time constants in
relation to shorter ones are activated. It is remarkable that the
recovery curves for ti ≤ ts are practically identical, while for
further increasing ti, ∆Vth for short tr tends to decrease and for
longer tr it tends to increase, cf. e.g. Fig. 4d. Another
interesting observation is that for a VG,stress of 2 V for all ts and
for 3 V up to ts = 1 ms, the overall Vth drift increases for a ti of
100 s in comparison to shorter ti (Fig. 4a-e). In addition, it is
found that Vth drift due to continuous stress with a stress time
of ts is a lower limit for Vth drift after pulsed stress.
A change of the curvature of ∆Vth curves in Fig. 4 from
concave to convex for continuous stress with increasing ts is
found, which is in accordance to the observations in [5].
IV.

DISCUSSION

The discussion is organized according to the experimental
results in Part III. In section IV.A, the observation that the
slope of recovery curves tends to decrease with increasing N

(cf. Fig. 3) is discussed using the concept of CET maps. In
section IV.B a model of the double-layer gate stack is
presented, which is connected to the following observations in
Fig. 4: 1) Enhancement of Vth drift in comparison to
continuous stress, and 2) Vth drift tends to be more permanent
for increasing ti. The observation that the enhancement is
particularly pronounced for a VG,stress of 3 V (cf. Fig. 4d-f) is
linked to rate limiting properties of the barrier occurring at low
VG,stress and to formation of an second channel for higher
VG,stress, which was previously reported in [5].
A. Capture Emission Time Map
The Vth drift is explained in terms of capture and emission
of electrons at the dielectric/III-N interface (shortly called
interface in the following) and at border states in the dielectric
[3, 5]. The density of interface trapped charges Qit increases
during stress and decreases during recovery (VG = 0). After a
stress pulse with a magnitude of VG,stress and a duration of ts, in
a first-order approximation, all defects with a capture time
constant τc ≤ ts are occupied. In Fig 5a the occupied area of the
so-called capture-emission time (CET)-map for this scenario is
sketched. In general a CET-map depicts the density of ∆Vth in
the capture-emission time (τc, τe) space for a certain VG,stress [5,
6, 7, 8, 9]. The overall Vth drift for a certain combination of ts
and tr is directly obtained by integrating over the
corresponding area of the CET map according to

Fig. 4. Recovery curves of ∆Vth after repetitive stress according to Fig. 1c, with varying ti from 100 ns up to 100 s, VG,stress from 2 to 4 V, and N = 100 for (a) ts =
1 µs, (b) ts = 1 ms and (c) ts = 1s. The dashed curve corresponds to continuous stress (cf. Fig. 1a) with stress time of ts and N·ts.
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Fig. 5. In (a) the occupancy of the CET-map after a stress pulse with stress time ts is shown. All defects up to a capture time constant of the stress time are filled.
During recovery, defects with emission time constants smaller than the recovery time are emptied (b). In (c) the occupancy of the CET-map for repetitive stress
is shown. Three different regions are identified: Region A is repetitively filled and emptied during each stress-recovery cycle. Region B is filled during the first
pulse and is not affected by consecutive stress-recovery cycles. In region C, a pile-up due to consecutive stress-recovery cycles is observed. The slope of the
region C depends on the duty factor between ts and ti, details can be found in [9].

∆Vth(ts,tr) = ∫-∞ts ∫tr+∞ g(τc,τe) dτc dτe,

(1)

where g(τc,τe) is the density of ∆Vth. The integration area is
equal to the occupied area of the CET-map. For first-order
capture/emission kinetics it is shown that g(τc,τe) is not
changing for repetitive stress [8, 9]. During subsequent
recovery after the stress pulse, all defects with an emission
time constant τe ≤ tr are emptied, cf. Fig. 5b.
The situation for repetitive stress [8, 9] is described in Fig.
5c, where three different regions can be identified: Region A
is charged and discharged during each consecutive stressrecovery cycle. Region B is filled during the first stress pulse
and does not emit during intermediate-recovery, whereas
region C is build up during repetitive stress-recovery cycles [8,
9]. In Fig. 5c the region between tr1 and tr2 is marked. The
integral over this region is equal to ∆Vth(tr1) - ∆Vth(tr2), cf. Fig.
3b. However, the observation of declining ∆Vth(ts,tr1) ∆Vth(ts,tr2) means that g(τc,τe) is decreasing in this region with
increasing number of stress pulses and thus also the number of
emitted electrons. This could be due to 1) the number of
defects, which are filled during stress in region A is declining
in the sense that they are not accessible during stress anymore,
or 2) the emission time constant of these defects is changed
with time, i.e. the disappear in region A (Fig. 5c). However,
g(τc,τe) changes with N, indicating a higher-order defect
kinetics. For a time-invariant g(τc,τe), i.e. first-order
capture/emission kinetics, a parallel shift of recovery curves
for repetitive stress would be observed. The behavior is further
consistent with the observation of the decreasing slope of ∆Vth
recovery curves for increasing stress time ts [5]. In [5] a
g(τc,τe) < 0 is reported as a sign of higher-order defect kinetics,
which is explained by complex defect dynamics, e.g. defectto-defect interactions, multi-state defects, feedback effects,
etc. We speculate that this is directly connected to the
observation of decreasing g(τc,τe) for increasing N.
The overall build-up of Vth drift with increasing number of
repetitive stress pulses (Fig. 3a) can be explained by the
charging of defects in region B and C, where τe > ti (Fig. 5c).
B. Gate Stack Model
In this section, a model is presented, which explains the
experimental observations by a charge feedback mechanism
during stress (VG > 0). The change of Qit for a constant VG

changes accordingly the barrier potential ΦB, i.e. the potential
of the conduction band minimum at the interface, and
therefore also the bias distribution between dielectric vD(t) and
barrier vB(t). In Fig. 6, the change of ΦB for increasing VG is
sketched. The equivalent circuit model (Fig. 7a) from [10] is
used to explain our results. There, the non-linear barrier
resistance RB mimics the net current iB of electrons between
the 2DEG channel and the interface states via the barrier. In a
transient situation, after the application of VG > 0, the barrier
resistance RB reaches finite values. The net current flux iB
increases with decreasing ΦB [11]. The distribution of vD and
vB for a step function (transition from 0 V to VG at t = 0) are
given explicitly for time t = 0:
vD(t = 0) = VD(VG) = VG [CB/(CB+CD)],
vB(t = 0) = VB(VG) = VG [CD/(CB+CD)],
vD(t) = VD + ∆ΦB(∆Qit),
vB(t) = VB - ∆ΦB(∆Qit).

(2a)
(2b)
(2c)
(2d)

with capacitances CB and CD of the barrier and the dielectric.
The interface is charged with electrons provided by the 2DEG
channel via the barrier during constant VG,stress > 0. Moreover,
we assume that the potential in the channel is fixed due to
strong electron accumulation. Hence, the change of the barrier

Fig. 6. Decrease of the barrier potential ΦB for increasing VG. The red and
green arrows show the electron flux from the channel to defect states
located at the interface and vice versa. The bottom sketch shows an
accumulation of electrons in a second channel at the interface. The yellow
arrow indicates the change of ΦB due to the charge feedback effect. For a
defect free interface there is no feedback, because ∆Qit = 0 and so also iB Æ
0. For the case of spill-over (iB Æ 0 and RB Æ ∞).
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Fig. 7. (a) Equivalent large signal circuit model of the gate stack for VG > 0. The transport mechanism of electrons from the channel to interface defects is
assumed to be e.g a combination of thermionic emission and defect assisted tunneling, which is enhanced with decreasing ΦB. (b) Bandstructure of the gate stack
in thermal equilibrium (gray) and for VG > 0 (black). For VG > 0, the barrier potential is lowered from its thermal equilibrium value ΦB0 to ΦB, cf. Fig. 3. Under
these conditions, the channel acts as an electron reservoir, which provides electrons to interface and border defect states in the region below the channel Fermi
level EF,C. (c) Charging of the interface increases ΦB and consequently electrons can be re-emitted from the region lifted above EF,C.

potential ΦB during stress, i.e. ∆ΦB, is governed by the parallel
circuit of CD and CB (cf. Fig. 7a):
∆ΦB(∆Qit) = ∆vB(t) = -∆vD(t) = -∆Qit / (CB + CD).

(3)

∆ΦB is further related to ∆Vth via ∆Qit = CD·∆Vth. For the
structure investigated in this paper, the following values are
estimated from this model with the simplification that the
dielectric constant of the AlGaN barrier and the GaN cap are
equal: VD/VG = 0.73, VB/VG = 0.27, ∆ΦB/∆Vth = 0.27 and
∆Nit/∆Vth = 7.2·1011 cm-2/V.
Under VG > 0 conditions, the charging process continues
until a steady-state is established (d∆Qit/dt = 0). In this case iB
Æ 0 and RB Æ ∞. However, there is no indication for such
behavior, because ∆Vth is increasing on a logarithmic timescale for stress times of at least 10 ks, without indicating
saturation [3, 5].
The barrier voltage drop VB defines the region at the
interface which is drawn below the channel Fermi-level EF,C
(called active energy region (AER) in the following) and
therefore the number of potentially accessible defect states [7],
cf. Fig. 7b. The evolution of the barrier potential during
continuous and repetitive stress is depicted in Fig. 8. During
stress electrons are trapped in defect states at the interface and

hence ∆ΦB is increasing, which also lifts parts of the AER
above EF,C according to ∆Qit, cf. Fig. 7c. During intermediaterecovery ∆ΦB is decreasing, due to recovery processes faster
than ti. The longer ti, the more electrons are emitted and the
smaller the remaining ∆ΦB at the beginning of the next stress
pulse. In contrast, ΦB is continuously increasing during
continuous stress (dotted line in Fig. 8). The initial voltage
drop VB at the beginning of each consecutive stress pulse is
independent of ∆ΦB (Eq. 2a, b), but the higher the remaining
∆ΦB due to previous stress pulses, the smaller the size of the
AER and the lower the probability for electrons to overcome
the barrier. In addition, it means that the barrier potential is
increased for each consecutive stress pulse ΦB,n+1 > ΦB,n,
where n is the index of consecutive stress pulses. Hence the
trap energy levels in reference to the Fermi-level EF at the
interface are shifted accordingly [5].
Moreover, also re-emission during stress from the lifted
parts is possible. This might explain the decrease of fast
recovery components with increasing ts (cf. decreasing slope
of ∆Vth curves for continuous stress in Fig. 4).
The decrease of ∆Vth with increasing ti for short tr can be
explained by “decoupling” of repetitive pulses due to emission
of electrons during intermediate recovery (i.e. for ti Æ ∞ the

Fig. 8. Change of the barrier potential during repetitive stress. Directly after VG is applied, ΦB drops by VB. In the following a net current towards the interface
is induced. The overall change of ΦB due to change of Qit is given by ΔΦB. During intermediate recovery ΔΦB is decreased due to emission of trapped
electrons. The barrier potential ΦB is changed by the same amount VB at the beginning of each stress pulse. Further, the relation of ΦB and VG is time-variant
and consequently also RB(VG). The evolution of ΦB for continuous stress is shown by the dotted line for comparison.
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pulsed stress equals continuous stress with stress time ts, under
the assumption of full-recovery after each pulse).
The increase of ∆Vth for longer tr with increasing ti (see
e.g. curves for ti = 1 µs up to 1 s in Fig. 4d) might be explained
by the enhanced relaxation of ∆ΦB during intermediate
recovery, which causes an increased electron transfer to the
interface at the beginning of the consecutive pulse due to
effective lower ΦB compared to continuous stress or shorter ti.
The increase of ∆Vth for short ti could be due to fast increase
of ΦB, which is caused by defects with capture/emission time
constants in the sub-µs regime. This would limit charging
most efficiently for continuous stress.
If we assume that ΦB is in the order of 1 eV, the spill-over
voltage is estimated to be in the order of 4 V. In [5], a Vth
drift-limiting barrier effect (i.e. the onset in strong ∆Vth
increase) for small VG,stress and short ts is observed. We
speculate that for VG,stress = 2 V this limiting effect is still
significant and that for VG,stress = 4 V already a second channel
at the interface is formed (spill-over), which might be
connected to the fact that the ∆Vth enhancement is especially
pronounced for VG,stress = 3 V.
V.

CONCLUSION

The investigations of the threshold voltage drift of GaN
based MIS-HEMTs under repetitive stress can be
summarized as follows:
1. The Vth drift for repetitive stress is enhanced in
comparison to continuous stress under certain
conditions.
2. The Vth drift gets more permanent for increasing
intermediate-recovery time.
3. The Vth drift is increasing on a logarithmic scale with
the number of stress pulses.
4. The slope of recovery curves after each consecutive
stress pulse decreases, i.e. the drift gets more
permanent with every additional pulse.
5. The experimental data is qualitatively explained by a
charge feedback mechanism in the double-capacitive
gate structure.

In the SiO2/Si system the ∆Vth enhancement for repetitive
over continuous stress is not observed [8, 9]. This is, in
contrast to our structure, due to the direct exchange of charge
carriers between defects and MOS-channel and related first
order stress/recovery kinetics.
For a life-time estimation of maximum ∆Vth for normallyon MIS-HEMTs, a continuous stress test, as standardly used in
CMOS, might underestimate the Vth drift induced by repetitive
stress and hence a repetitive stress test is unavoidable.
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