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ABSTRACT SiC MOSFETs devices with double-trench dominate the market due to their low on-resistance.
However, studies on its temperature-dependent properties are not comprehensive. This work uses fast -V
and static I-V techniques to explore the location of electrons trapped in the device under moderate gate
stress. Threshold voltage instability (Vg hysteresis and AVrty) and on-resistance degradation (ARoN)
are used to characterize oxide trapping. Although the observation method is different, it can be found
that the Vry instability and Ron degradation increase linearly with logarithmic time over a wide time
range from 100 ps to 10* s, suggesting that the direct tunneling mechanism dominates the electrons
trapping in the oxide near the SiO,/SiC interface. The interface trap density is 3.8x10'2 cm™2.eV~!. In
addition, a negative temperature dependence is shown in the test, and the fitting parameter y from 0.16 to
0.18 indicated that these traps are concentrated in the oxide layer. These traps’ energy level at 0.68 eV
below the conduction band was obtained in the recovery phase through the Arrhenius plot.

INDEX TERMS Activation energy, fast I-V technique, MOSFETs, on-resistance degradation, positive-bias

stress, silicon carbide, static I-V technique, threshold voltage instability.

I. INTRODUCTION

Silicon carbide (SiC) is considered a promising wide
bandgap semiconductor material to supersede silicon
for developing high-efficiency, high-power, and high-
temperature electron devices [1]. In particular, SiC metal-
oxide-semiconductor field-effect transistors (MOSFETSs) are
expected to meet the growing demand for electrical power
generation, distribution, and switching due to their high
breakdown voltage, low conduction, and low switching loss
capabilities [2], [3].

Studying the positive gate stress of SiC MOSFETs is cru-
cial to circuit design. For example, SiC MOSFET is usually
used as the DC circuit breaker in protection circuits, gated
on for prolonged periods. The changed threshold voltage
(VTh) under positive gate bias would cause a response time

delay of the faulty system [4]. Vg instability is gener-
ally characterized by threshold voltage shifts (AVTty) and
hysteresis (Vty hysteresis). Besides the Vry, the on-state
drain-to-source resistance (Rpson)y or Ron) is an important
parameter related to power loss.

Semiconductor manufacturers enthusiastically
research device structures and optimize gate oxide
to restrict Vry instability and alleviate the Ron
degradation [4], [5], [6], [7]. Several papers have inves-
tigated the negative or positive temperature dependence
of Vrg instability and Ron degradation in planar
structures [3], [8], [9], [10], yet few studies on the trap
level of devices [8]. Meanwhile, very little is known about
trench gate structure [7], [11]. Although some articles
have observed that trench gate structures had larger Vry
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FIGURE 1. The typical device structure of double trench SiC MOSFETs [14].

instability than planar gate structures under the same gate
bias [12], [13].

Double trench devices dominate the market due to their
low on-resistance. However, there is still a research gap on
the temperature-dependent properties of the double trench
structure. In this work, fast I-V and static I-V methods are
used to investigate the Vg instability and Ron degradation
over a wide time range from 100 s to 10* s under moder-
ate stress voltages. The trap level and their distribution are
analyzed and calculated. These results may help manufac-
turers to optimize the gate oxidation process and improve
the threshold voltage stability of the device.

The organization of this article is shown below. Section II
investigates the Vry hysteresis and Ron degradation with
different ramp speeds, gate stress voltages, and stress times
using the fast I-V technique. Section III investigates the
device degradation under gate stress at high temperatures
over a broad time scale using the static I-V technique.
Section IV is the conclusion part.

Il. FAST 1I-V  EXPERIMENTAL AND
TEST RESULTS

The SiC MOSFETS studied in this work came from leading
commercial manufacturers. From its datasheet, the device has
a breakdown voltage of 1200 V and Rpson) of 105 m€2,
measured at Vgs = 18 V and Ip = 7.6 A at room tem-
perature. The simplified structure of SiC MOSFETs with
double trench is shown in Fig. 1. According to their tech-
nical report, the source trenches can effectively disperse the
electric field at the bottom of the gate trench [14].

Fast I-V measurement relied on a paramet er ana-
lyzer system involving Agilent DSO-X 2024A dig-
ital oscilloscope, Agilent E3647 DC power supply,
Rigol DG 2041A pulse generator, and computer control
program [15], [16]. A schematic experiment setup for fast
I-V measurement is shown in Fig. 2 (a). Changeable square
pulses were applied to the gate terminal of the devices under
test (DUTs). The load resistance (Ry) of 10 2 was carefully
selected for limiting resonance and a low off-state current.
During DUT’s switching along the load line, the voltage
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FIGURE 2. (a): Schematic experiment setup for fast I-V measurement. (b):
Vgst) pulse and V() response waveforms. ts: stress time and t, ;:
up/down ramping time.

waveforms of the gate (Vgs(y) and drain (Vps()) termi-
nals were simultaneously recorded by the digital oscilloscope
with the sampling rate of 50 M/s, as exhibited in Fig. 2 (b).
A small Vpp of 0.5 V was selected to eliminate the current
collapse and hot-electron effect [16]. It is worth mentioning
that before the test, all terminals of the DUTs were grounded
for 1 min to achieve a steady state by releasing the charges
initially trapped in the MOS interface and oxide bulk. After
the up-and-down ramping of each pulse, all terminals of the
DUTs were grounded for 10 s to release the trapped charges
to restore their initial state.

According to the schematic, time-dependent drain current
Ip(t) and drain-to-source resistance Rpgy) could be calculated
using the following equations:

Vop — Vps
Ipgy = R © )]
R _ Vbsay -Re 2)
D3O Vbp — Vs

The calculated up (solid line)-/down (dotted line) ramp
Ip-Vgs and Rps-Vgs curves are shown in Fig. 3 (a) and (b).
In Fig. 3 (a), The Vg hysteresis (pink-dotted-line) is defined
as the gate voltage difference read at the up/down ramps
when the drain voltage (Vps(y)) is 0.3 V [17]. In Fig. 3 (b),
Ron is defined as the value of Rpg when Vgs = 6 V. ARoN
is defined as the ratio of Ron on the down-ramp to Ron on
the up-ramp [17].

It can be seen from Fig. 4 (a) and (b) that the ramping
time t;/¢r greatly influences the extraction of threshold volt-
age hysteresis and on-resistance. In Fig. 4 (c), the Vgs and
on-resistances extracted from the up-ramp shift to the left as
the ramp speed becomes faster. Furthermore, it was observed
that the Vs and on-resistances extracted by the down-ramp
shift towards the right direction as the ramp speed become
faster. Fig. 4 (d) shows that the Vg hysteresis and ARoN
increase with faster ramp speed. Moreover, a strong corre-
lation between threshold voltage and on-resistance can be
observed [7].

In the ramp region, the slow ramp speed will change
the charge state close to the MOS interface. In this case,
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FIGURE 3. (a): calculated Ip-Vgs curves at up-/down ramps. The ramp
time t, ¢ is 10 5. (b): calculated Rpg-Vgg curves at up-/down ramps.
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FIGURE 4. (a): Ip-Vgs and (b): Rps-Vgs curves at different ramping times.
(c): Vgs and Rgp extracted by up-/down-ramp (d): Vry hysteresis and
ARgy with different ramping times.

the threshold voltage hysteresis is usually underestimated.
In other words, faster ramp speed allows for more accu-
rate observation of oxide traps near the interface because
less charge state changes during the test [5], [6], [15], [18],
and [19].

To achieve acceptable threshold voltage and transconduc-
tance, the gate oxide in SiC MOSFETs is usually thinner
than its Si counterparts. However, it will lead to more severe
degradation in the gate oxide because a higher electric field is
applied [4], [18]. The gate stress voltage significantly influ-
ences the threshold voltage hysteresis and on-resistance, as
shown in Fig. 5. In Fig. 5 (a), the Vty hysteresis is more
pronounced at larger stress voltages than at smaller stress
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FIGURE 5. (a): Ip-Vgs and (b): Rps-Vgs curves under different gate
stresses. (c): Vgs and Rgy were extracted by up-/down-ramps under
different gate stresses. (d): observed Vy hysteresis and ARqy under
different gate stresses.

voltages. In Fig. 5 (b), the degeneration of on-resistance is in
the same pattern. It is further confirmed in Fig. 5 (c), where
extracted Vgs and Ron did not change significantly during
the up-ramps with increasing gate stress compared with the
down-ramps. This is because more oxide defects are filled
at higher voltages. Fig. 5 (d) shows the Vty hysteresis and
ARQpN observed under different gate biases using the fast
I-V method.

Depending on the results in Fig. 4 and 5, an up-/down-
ramp speed of 100 ws and moderate gate stress of 7 V is
selected for the following short-term stress test. In Fig. 6,
Vtu hysteresis, ARon, and maximum transconductance
changes (AGmmax%) are monitored during the 1 s stress
time. The Gy max 1S defined as the maximum value of
Alp/AVgs. The degradation of transconductance AGy max%
is defined as the percentage of the Gy, max difference read at
the up/down ramps divided by the Gy max value of up-ramps.

Fig. 6 (a) and (b) show that Vty hysteresis and Ron
degradation increase with stress time. In Fig. 6 (c), the
extracted Vgs, Ron, and Gy max did not change signifi-
cantly on the up-ramps but changed greatly with increasing
stress time on the down-ramps. Fig. 6 (d) shows that
Vrtu hysteresis and ARpn increase linearly with logarith-
mic time [2], [6], [20], [21], [22], and the transconductance
degradation AGpy max% also increases with stress time.

Based on the direct tunneling model of charge transfer
into MOS devices, it is assumed that the traps are randomly
distributed in the oxide. The total charge transferred into the
oxide trap follows a logarithmic time dependence [18], [23],
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FIGURE 6. (a): Ip-Vgs and (b): Rps-Vgs curves with increased stress time.
(c): Gm,max. Vgs. and Roy extracted by up-/down-ramps with increased
stress time. (d): Vyy hysteresis, ARgn, and AGm, max% increased with
logarithmic time.

as described by the following equation:

_ eN t
Onior = — [1715 + C} 3)

2B

Where Qpjor is the charge states in the near-interfacial oxide
traps, N is oxide trap density, e is the electronic charge, 8 is
the tunneling parameter, #( is the initial tunneling transition
time, and ¢ is the Euler’s constant. It can be seen from the
equation that trapped charge states increase linearly concern-
ing the logarithm of stress time, which is consistent with the
results shown in Fig. 6 (d).

It is suggested that the Vry hysteresis and ARon are
attributed to the direct tunneling of channel electrons into
as-grown oxide traps near the interface within 1 s bias
time [6], [21]. As shown in Fig. 6 (c) and (d), the decrease
in transconductance with stress time is more pronounced
since transconductance is related to bulk traps in the oxide
layer [24].

It can be predicted that more electrons would be trapped
into the deeper oxide defects as stress time increases, causing
more significant Vty hysteresis and ARpN.

IIl. STATIC |-V
TEST RESULTS

In the previous section, we discussed the Vtg hystere-
sis and ARpn under short-term stress within 1 s; in this
section, we will discuss the AVty and ARopn under long-
term stress within 10* s. The static I-V technique uses
the measure-stress-measure (MSM) process, as illustrated in

EXPERIMENTAL PROCEDURE AND
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FIGURE 7. (a): measure-stress-measure test procedure. (b): schematic
experiment setup for static I-V measurement. (c): transfer characteristics of
fresh DUTs at different elevated temperatures. (d): extracted subthreshold
swings at different temperatures. (e): Vyy shifts in Arrhenius plots at
different temperatures. (f): temperature-dependent changes in interface
traps per unit area.

Fig. 7 (a). The MSM procedure consists of four steps: ini-
tial stabilization, I-V reference curves measurement, multiple
stress-sense measurement, and recovery-sense measurement.
The schematic experiment setup for static I-V measurement
is shown in Fig. 7 (b). Due to the pulse width limitation of
the pulse generator in the fast I-V technique, the MPSMU
module of Agilent B1505A is used to generate long-term
pulse width for stress periods and recovery periods. The
maximum current level is limited to 60 mA to protect the
parameter analyzer.

At the beginning of the test, four virgin devices were ini-
tialized by all terminals being grounded for 1 min. Then
the DUTs were heated to elevated temperatures for 1 hour
to stabilize the device package temperature. After that, I-V
reference curves at elevated environment temperatures were
performed with Vgg from 0 V to 7 V at Vpg = 0.1 V
by Agilent BI505A, as displayed in Fig. 7 (c). The Vty is
defined as the gate voltage when the drain current reaches
0.1 mA. There are three temperature ranges from room
temperature to 75 °C, to 100 °C, to 125 °C. Threshold
voltage shifts are defined herein as the difference between
the threshold voltage at different temperatures and the room
temperature threshold voltage. It can be observed that in
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recovery at several temperatures. The bias conditions are Vgs = 7 V, Vpg =
0 V. The data plots are fitted by linear (solid line) and stretched
exponential function (dash line).

Fig. 7 (c) and (e), the Vg shifts increase with higher tem-
peratures consistently with the Arrhenius plot [25], [26]. In
Fig. 7 (f), the interface traps per unit area, ANit increases
from 1.31x10'! to 2.41x10'" with temperature from 25 °C
to 125 °C, which is caused by the massive electron emission
from the interface traps [25] and [27]. In Fig. 7 (d), the sub-
threshold swing decreases at high temperatures due to the
alleviated Coulomb scattering effect [3], [26], [28], [29].

In the stress period, 7 V gate bias was applied to the DUTs
for 10* s with other terminals grounded. The stress process
was interrupted at the mean logarithmic time. Transfer char-
acteristic curves were performed in the negative orientation
(Vgs from 7 V to 0 V at Vps = 0.1 V) to monitor the
Vrtu and Ron [11]. The threshold voltage instability AVt
is defined as the difference in Vg before and after stress.

In the recovery period, the gate voltage of 0 V was applied
to the DUTs for 10* s with other terminals grounded to
release electrons that had been trapped in the MOS interface
and bulk defects.

To obtain the capture/emission time constant and describe
the distribution of defects in the oxide layer, the AVTyg
data in Fig. 8 (a) and (b) are fitted with the stretched
exponential functions by using the following Equations (4)
and (5), with the high R-square values between 0.95 to 0.99
(dash fitted line) [3], [26], [27].

—t Y
VTH_hys(s) = VTH_hys(max) |:1 — exp <_L__S) i| 4
s

Y
V1 _hysty = VTH_hys(s,0) |:—€XP( Ttr) } &)
r
VTH hys(max) 18 telated to the total trap density, Vry_pyss,0)
is the non-recovered Vry pys value, y is related to the trap
energy distribution, f/, is stress/recovery time, and t,/T, is
the time constant of stress/recovery periods.

It can be found in Fig. 8 (a) that the time constant 7,
increases from 103 to 10° as the temperature increases, lead-
ing to a negative activation energy of -0.52 eV, extracted in
Fig. 10 (a). This may explain why the AVty decreases with
the elevated temperature, the same phenomenon observed
in [3], [11]. In other words, during the high-temperature
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FIGURE 10. Activation energy E; in the (a): stress phase and (b): recovery
phase is obtained by the Arrhenius plot.

stress phase, the de-trapping is even more thermally acti-
vated than the trapping, caused by the emission time constant
being shorter than their associated capture time [11].

In Fig. 8 (b), after removing the gate bias, we found the
de-trapping in the recovery phase is accelerated by high
temperatures, with the time constant 7, dropping from 10° s
to 10? s with increased temperatures, leading to a trap level
at 0.68 eV activation energy, extracted by Fig. 10 (b) in the
Arrhenius plot.

Moreover, the trap energy distribution shows consistency
in the stress and recovery phases, with the parameter y from
0.16 to 0.18, as shown in Fig. 8 (a) and (b). This indicates
that the trap energy distribution is concentrated in the gate
oxide [3].

We also found that the AVt increases linearly with log-
arithmic time (solid fitted line), the same as in Fig. 6 (d). It
is suggested that channel electrons are trapped in the oxide
defects near the interface [30], [31], [32].

In Fig. 9, the interface trap density Dj; at room temperature
is calculated by I-V subthreshold method [33], [34], [35].
The Dj; increases exponentially near the conduction band
edge. Ecs is the potential of the conduction band surface,
and Ey is the surface potential related to the trap level. At
the Ecs — Erp = 0.1 eV, the Dy is 3.8x10'2 cm=2.eV~1.

The time evolution of ARgon during the stress and recov-
ery process are shown in Fig. 11 (a) and (b), respectively.
It can be found that the ARgn decreases with elevated
temperature, which is consistent with the AVTy tendency
in Fig. 8 (a). The ARpn also fits well with the stretched
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TABLE 1. Interface trap density of SiC MOSFETs.

Interface trap
Device Measurement method density Dit Ref.
(em2.eV7")
5.8 x 10"
12
Planar 6.8 x10 [34]
I-v subthr'es}'lold 93 x 1012
characteristics
Unknown about 2x 103 [33]
Unknown 5.4x10"2 [35]
about 2.5%10'2 [36]
Planar C-V high-frequency About 1013 [37]
characteristics
About 5x10'"! [38]
Double trench IV subthreshold 3.8x1012 This
characteristics work

TABLE 2. Trap level of commercial SiC MOSFETSs.

. Bias Trap level
Device Methods %) Ts(s) Tr () (V) Ref.
AC stress 4 106
Planar (10 kHz) 25 104-10 1.2 (stress) [8]
Cyclic 0
Planar gate bias 30 2x10 0.1 (stress) | [39]
15- L 105 1.04~1.14
Unk. DC stress 20 10'-10 (stress) [6]
Unk. Double 15 5x10°6 105-100 0.3 [40]
ramp (recovery)
Double- | o Grees | 7 | 10%100 | 100104 0.68 This
trench (recovery) | work

exponential function, with the parameter y from 0.02 to
0.05 during both the stress and recovery phases.

IV. CONCLUSION

This work uses fast I-V and static I-V techniques to explore
the oxide trapping mechanism under positive gate bias in
the double-trench SiC MOSFETs.

By monitoring Vry hysteresis and ARon within 1 s stress
time using the fast I-V technique, it was found that these
two parameters are affected by ramp speed, bias voltage,
and stress time. By monitoring the AVty and ARopn within
10* stress time using the static I-V technique, it was found
that the AVty and ARon decreased with the elevated tem-
perature due to the activated de-trapping effect. Moreover,
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during the 10* recovery time, the trap level at 0.68 eV below
the conduction band is obtained, and these recoverable trap
sites are concentrated in the oxide layer.

Although the observation method is different, it can be
found that the instability of the threshold voltage and on-
resistance increases linearly with logarithmic time regardless
of the long or short stress time, indicating that direct tun-
neling dominates the electrons trapping in oxide near the
interface. The interface trap density is 3.8x10'2 cm~2.eV~!.

Comparisons of Dj and E, between the SiC MOSFETs
with different structures are shown in Tables 1 and 2,
respectively.
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