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Gate Stress Polarity Dependence of AC Bias
Temperature Instability in Silicon Carbide MOSFETs

Xiaohan Zhong, Huaping Jiang, Lei Tang, Xiaowei Qi, Peng Jiang, Li Ran, Senior Member IEEE

Abstract- As applications of silicon carbide (SiC) power metal
oxide semiconductor filed electrical transistors (MOSFETs) grow
steadily, more effort is being made to manage the risk of threshold
voltage instability. It has been reported that the development of
AC bias-temperature-instability (AC BTI) depends on the polarity
of the gate voltage, but the underpinning mechanism is yet to
become clear. Working for an explanation, the authors put
forward an electric-field based polarity model which is also
experimentally verified in this paper. This model shows that it is
the bipolar electric field, rather than the gate voltage itself, that
speeds up the threshold voltage drift. The model may be a stepping
stone towards the eventual understanding and management of the
dynamic threshold voltage drift.

Index Terms-silicon carbide, MOSFET, threshold voltage,
electric field, gate stress polarity

[. INTRODUCTION

S wide bandgap material for the third generation power
semiconductor devices, silicon carbide (SiC) has 10 times
higher breakdown field and 3 times better thermal conductivity
than silicon [1]. High voltage and high temperature SiC power
switches are becoming a mainstream, especially those rated
above 600 V. SiC MOSFETSs are now a strong competitor to the
Si-based IGBTs for their superior performance in terms of low
switching loss and high junction temperature limit [2][3].
However, the difficulties of manufacturing and the defects in
the compound semiconductor material can still lead to threshold
voltage instability of SiC MOSFETs in operation [3]. According
to the stress mode applied on the gate electrode, threshold
voltage instability is usually classified as static or dynamic.
Static threshold voltage instability, also known as static bias-

TABLE I
SIC MOSFETS UNDER TESTS
. Gate Maximum Gate ..
Device Structure VGsmax Resistor Initial Vry @ RT
DUT.R Trench +22/-4V 27 Q 4524V
DUT.I Trench +23/-7V 29 Q 4792V
DUT.C Planar +25/-10 V 10Q 4051V
DUT.S Planar +25/-10 V 14 Q 5727V
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temperature-instability (BTI), refers to the threshold voltage
drift under a static gate stress [4][5][9]. In order to better
distinguish, this static bias-temperature-instability is referred as
DC BTI. It was found that positive and negative gate voltages
could cause drifts in the positive and negative directions
respectively. The static drift of the threshold voltage can be
treated as a low-risk issue in circuit operation which can be
managed through interface passivation and/or by correctly
selecting the gate voltage, etc [8][11].

Dynamic threshold voltage instability was once referred to as
the threshold hysteresis [6][7][12], and regarded as harmless to
circuit operation [16][17]. However, recent studies have shown
that the threshold hysteresis itself is only a short-term effect of
dynamic threshold instability [13]-[15]. There is also a
long-term effect [16], which is referred to as AC BTI. It was
found that the switching events might be the main driving force
of AC BTI It was further found that significant AC BTI
occurred only with a bipolar gate voltage waveform [18]. It is
implied that AC BTI should perhaps be attributed to a bipolar
gate stress. However, the reason why AC BTI depends on the
gate voltage polarity has not been explained and the mechanism
of possible gate stress polarity dependence is still unclear.

The authors are searching for an explanation to AC BTIL. In
this paper, an electric-field based model is proposed and verified.
It is hoped that studies on such a model could eventually lead to
the understanding and management, in design or operation, of
the dynamic threshold voltage drift.
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Fig. 1-(a) Experiment setup of threshold voltage drift test system, and (b)
typical voltage waveform applied to gate of DUT.
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Fig. 2 Schematic illustration of dynamic threshold voltage drift test process.
The threshold voltage aging and testing cycle last for 12 hours.

II. MODEL ESTABLISHMENT AND EXPERIMENT VALIDATION

Showing the nature of AC BTI in concern, threshold voltage
drift tests were conducted previously under different gate
voltage profiles [18]. Four kinds of commercially available
trench and planar gate SiC MOSFETs are selected as devices
under test (DUTs). They are shown in Table I. To characterize
the drift of threshold voltage, a test system is set up as shown in
Fig. 1. The threshold voltage drift test cycle and the related
topologies are shown in Fig. 2. In the aging stage, the drain was
shorted to the source and a 150kHz square wave voltage of 50%
duty ratio was applied between the gate and source. The testing
stage includes three substages: preconditioning, discharge, and
readout stage. For repeatability, preconditioning is used to align
the final state of the gate voltage for all DUTs after aging. The
circuit topology during two 5-s bias phases is the same as that in
the aging stage. All electrodes are shorted to the ground during
the 2-s zero bias phase. A 1-hour discharge stage is introduced
after preconditioning to remove any residual threshold
hysteresis effect by shorting all electrodes to the ground. During
the threshold voltage readout, the gate and drain electrodes of
the DUT are short to the power supply. The threshold voltage,
V1n, 1s defined as the gate voltage when the drain current Ip
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Fig. 3 Threshold voltage drifts of DUT.R and DUT.S with stressing time. The
off-state gate voltage is -15 V. All the tests are carried out under room
temperature with frequency of 150 kHz and duty ratio of 50%. The junction
temperature is 25 °C.

reaches 10 mA. And the threshold voltage drift, AVry, is the
difference of each threshold voltage test value with the initial
threshold voltage test value, i.e. AVty (¢s) = Vu (ts) — Vru (0),
where g is the accumulated aging time that the DUTs have been
subject to. The bipolar gate waveform, which means that the on-
and off-state gate voltages were of opposite polarities, could
cause fairly fast threshold voltage drift and such drift was
practically permanent. It was also shown that a unipolar
(non-bipolar) gate signal had only small effect similar to that of
static gate stress.

In order to explore the underpinning mechanism, it would be
necessary to look into the effect on the electric field inside the
device because the capturing-emission of carriers near the SiC
and gate oxide interface would depend on the electric field
distribution. It is hoped that further understanding of the
interactions at the microscopic scale would help find an
explanation.

Fig. 3 shows results of threshold voltage drift under unipolar
gate voltages. The off-state gate voltage Vgsorr is fixed at -15 'V,

(d) Vs =0

(e) Vgs >0

* E-field

E-field + E-field

X

Fig. 4 Electric field across the gate interface. When the gate voltage Vs is lower than the flat band voltage Ve, the electric field across the gate interface is negative.
When the Vgs is higher than the Ve, the electric field is positive. The electric field is zero when the Vs equals Ver.
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but the on-state gate voltage Vgson Of the square wave gate
voltage is set to -7 V, -5 V or -2 V. As the overall static bias of
Vasofi/ Vason = -15/-2 'V is less negative than that of -15/-7 V,
threshold voltage drift of -15/-2 V should less negative than that
of -15/-7 V. However, it is found that the threshold voltage drift
effect is greater under gate voltage of -15/-2 V than -15/-7 V.
This implies that, in addition to the DC BTI, some other
mechanism takes place for -15/-2 V and it might be
over-simplified to define the polarity of gate stress using the
gate voltage. From the aspect of electric field, since the AC BTI
is argued to attributed to near-interface oxide traps trapping and
de-trapping charges, the polarity of the gate stress probably can
be defined by the electric field on the SiC/SiO; interface.
Assuming that the electric field distribution is not uniform
across the gate oxide, then the local electric field may become

positive even the gate voltage is still negative, as shown in Fig. 4.

In line with such a possibility, an electric-field based polarity
model is proposed. The polarity of the electric field near the
SiC/SiO; interface (Fir) is assumed to be directly related to the
gate stress polarity dependence of the AC BTI because the
electric-field dependence trapping and releasing (de-trapping)
of carriers happen in the oxide within 3nm near the SiC/SiO»
interface [19]. Therefore, bipolar gate stress refers to the gate
stress when the resultant Fnir reverses within one switching
cycle (i.e. bipolar Fnir), while unipolar gate stress refers to the

gate stress when the resultant Fnir does not reverse within one
switching cycle (unipolar Fxir). There is a specific gate voltage
at which the electric field near the SiC/SiO; interface is zero
(Fnxir = 0 V/m). This specific gate voltage is referred as the
critical gate voltage (Vcr), which is determined by the
work-function difference and the interface or near interface
charge. As long as the off-state gate voltage is lower than Ve,
and the on-state gate voltage is higher than Ver (Vasorr < Ver <
Vason), the electrical field Fnir reverses within one switching
cycle (bipolar Fnir). Such gate stress is bipolar gate stress. Thus,
AC BTT happens, resulting in significant threshold voltage drift.
The critical gate voltage Vcr can be expressed as

O _ 9
V — - OX it 1
Cr ¢m.~ Cox COX ( )

where ¢nms is the work-function difference, Qo is the charges lie
within the gate oxide, Cox is the capacitance of gate oxide, Qj is
the interface trapped charges. Since the density and polarity of
the interface trapped charge depend on the electric field cross
the SiC/SiO; interface, this critical gate voltage may vary with
the interface electric field. Furthermore, since V¢ is not equal to
zero, it can be predicted that there is a non-zero turning point of
the threshold voltage drift curve with different gate voltages.
This turning point is not only the dividing point between
unipolar and bipolar gate stress, but also the dividing point
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Fig. 5 Threshold voltage drifts under different on- and off-state gate voltages. (al) (bl) (c1) (d1) Threshold voltage drifts versus Visor with a fixed Vgson 0f 15 V;
(a2) (b2) (c2) (d2) threshold voltage drifts versus Vgson With a fixed Vsorr 0f -15 V. The frequency and duty cycle of the dynamic gate stress are 150 kHz and 50%
respectively. The junction temperature is 25 °C. The stress time lasts for 66 hours. The gray color refers to the negative drifted DC BTI. The blue color refers to the
negative drifted AC BTI while the pink color refers to the positive drifted AC BTL
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Fig. 6 Schematic illustration of restoration of thermal equilibrium after positive and negative gate bias. The turn-on and turn-off switching process are illustrated in
(al) and (b1), corresponding band diagram and gradual charging of interface states in (a2) and (b2). Neutral interface states are illustrated as open circles.

between DC BTI and AC BTI. The gate voltage corresponding
to this turning point can be approximately regarded as equal to
the Ver.

The curves of threshold voltage drift versus on- and off-state
gate voltage are shown in Fig. 5. Indeed, as expected above, a
turning point is observed in the threshold voltage drift curve.
Whether it is changing Vgsofr with fixed Vgson or changing Vason
with fixed Vgsotr, once the gate voltage crosses a certain voltage,
a significant threshold voltage drift can be observed. In other
words, AC BTI happens when the gate voltage crosses this
specific gate voltage. It can be inferred that the electric field Fir
under this specific gate voltage is approximately zero.
According to the electric model proposed above, this specific
gate voltage corresponding to the turning point can be regarded
as approximately equal to V.. Therefore, the performance
results of DUT.R and DUT.S shown in Fig. 3 can be explained.
For a fixed Vasorr of -15 V, the gate stress bipolarity increases
with the increase of Vgson. When Veson = -7 V which is lower
than V¢, of -6 V, the near interface oxide electric field Fir is
unipolar and the threshold drift is dominated by DC BTI and
thus relatively small. Once Vgson goes higher than Ve, the
polarity of Fair becomes bipolar and AC BTI effect starts to take
place. The gate stress is bipolar under gate voltage of -15/-2 V.

And consequently, it is no longer unusual for the threshold
voltage of DUT.R or DUT.S under -15/-2 V gate stress to drift
significantly and more than that under -15/-7V. Furthermore, it
is also found that the V¢, is different for different devices, which
is caused by the difference in the manufacturing process and the
crystal plane of the channel.

Furthermore, it is worth noting that the V¢, in the Vesot=AVth
curve and Vgson-AVth curve are different. Take DUT.R and
DUT.C as an example, increasing Vgson from-9 V to 10 V with a
fixed low Vgsor of -15 V, the critical voltage is -6 V for DUT.R
and -5 V for DUT.C, decreasing Vasorr from 0 V to -10 V with a
fixed high Vgson of 15 V, the critical voltage is -5 V for DUT.R
and -2 V for DUT.C. The critical gate voltage measured with a
fixed low Vgsor of -15 V is referred as Veriow, and the critical
gate voltage measured with a fixed low Vgson 0f 15 V is referred
as Vernigh. For the four devices, Veriow 18 lower than Vernign, and
the underpinning mechanism of this difference can be explained
by interface trapped charge Qs

In formula (1), the critical gate voltage Ve, is associated with
interface trapped charge Oy, the difference between Veriow and
Vernigh may result from different density of interface trapped
charges. As shown in Fig. 6, during the negative bias, the
negative electrical field urges holes to be trapped by the

5 Vason =15V i Vs =15V
- (a2)
T _06 0.2 Veriow
2 |
¢ 50.4 Vi 0.0 ! ! :
2 02 02
0.0 . . ¢ ¢ -0.4
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0.4 03
£ o3 0.2 (b2}
@
o '2502 0.1 VCr-Inw
3 |
5 o e, o
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Fig. 7 Threshold voltage drifts under different on- and off-state gate voltages. (al) (b1) Threshold voltage drifts of DUT.R and DUT.C versus Vgsor with a fixed
Vason Of 15 V; (a2) (b2) threshold voltage drifts of DUT.R and DUT.C versus Vgson With a fixed Visorr 0f -15 V. The frequency and duty cycle of the dynamic gate

stress are 150 kHz and 50% respectively. The junction temperature is 175 °C.
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interface trap, the Fermi level is pinned to the valance band. A
large number of positive charges accumulate on the SiC/SiO»
interface [6], which leads to a positive Qi and a decrease in the
critical gate voltage (Vcriow). Therefore, during increasing Vgson
with fixed Vesofr, Vason Only needs to be higher than this lower
critical gate voltage, Fnir reverses, and AC BTI starts to take
place. During the positive bias, the positive electrical field urges
the electrons to be trapped by the interface trap, the Fermi level
is pinned to the conduction band edge. A small number of the
negative charges are accumulated on the SiC/SiO; interface [6],
which causes a negative Qi and a higher critical gate voltage
(Vernign). Therefore, during decreasing Vagsorr with fixed Vason,
Vasoft only needs to be lower than this higher critical gate
voltage, Fir reverses, and AC BT starts to take place. Therefore,
Vertow 1s lower than Verhigh (Vertow < Ver-high)-

Furthermore, experiments of dynamic threshold voltage drift
under different gate voltages were carried out at high junction
temperature. As shown in Fig. 7, Verow and Vernign are
approximately equal to those at room temperature, and Veriow 1S
still lower than Verpigh.

Since the V¢, is not equal to 0, it is then reasonable to expect
that the threshold voltage drift depends on the modified,
effective gate biases defined as

{ VG*sOn =Vason —Ver ) (3)

*

Vasor =Vasorr =Ver

The threshold voltage drift direction is a result of the balance
between the effective negative and positive biases and could be
positive as well as negative. For DUT.R With V¢, of -5 V, the
threshold voltage drifts under effective positive and negative
gate voltage Vi, /Vasor 0f 10/-3 V and 3/-10 V are shown in

Fig. 8. Fig.8 also presents the threshold voltage drifts of DUT.S
stressed under effective positive and negative gate voltage
Visn ! Vasor 0f 12/-1 V and 1/-12 V. For DUT.R, the absolute

drift value under effective gate stress of 10/-3 V is higher than
that under effective gate stress of -3/-10 V. For DUT.S, the
absolute drift value under effective gate stress of 12/-1 V is
higher than that under effective gate stress of 1/-12 V. It is
indicated that the positive drift is faster compared to the negative
drift. In other words, positive drift is easier than negative drift. It
might attribute to the different density and energy distribution of
accepter-type and donor-type interface traps.

DUTR DUT.S
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Fig. 8 (a) Threshold voltage drift of DUT.R under effective gate stress of 10/-3
V and 3/-10 V. (b) Threshold voltage drift of DUT.S under effective gate stress
of 12/-1 Vand 1/-12 V.

III. CONCLUSIONS

An electric-field based polarity model was proposed in this
paper to explain the dependence of the AC BTI on the gate stress

polarity, and the related threshold voltage drift experiments
were carried out to verify the credibility of this model. It is
found that the AC BTI is introduced by the bipolar electric field
across the gate interface instead of the bipolar gate stress.
Furthermore, the bipolar electric field is formed as long as the
critical gate voltage within the gate voltage interval of (Vasorr,
Vason). Furthermore, the critical gate voltages corresponding to
up-sweep Vagson and down-sweep Vasorr are not the same, which
is related to the short-term effect of interface traps trapping or
de-trapping charges. In general, the electric-field based polarity
model and the features of AC BTI reported in this paper may
help better understand the mechanism of the dynamic threshold
voltage drift.
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