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Abstract—This paper presents threshold voltage instability of 
commercially available 1.2 kV SiC power MOSFETs from 
multiple vendors. Time-dependent bias-stress measurements are 
implemented to define the threshold voltage change incurred by 
near interface oxide traps. Bias-stress on the gate gives rise to 
injection of carriers into the gate oxide by direct tunneling to the 
near interface traps. Positive gate bias tends to increase threshold, 
whereas, negative gate bias tends to decrease threshold voltage. 
Threshold voltage shifts for various vendors vary from 0.15 V to 
0.74 V under bias-stress of +30 V, and -0.05 V to -0.2 V under 
bias-stress of -10 V for 50 hours. This wide variation in the shifts 
between vendors indicates the different trap distribution in their 
oxides. In general, a positive threshold voltage shift decreases 
current drive, while a negative shift can cause the device to move 
into an ON state. However, the shift by itself does not represent 
an operational problem in power electronics but signifies the high 
density of defects in the gate oxide which may have significance 
for useful lifetime of gate oxides. 

Index Terms— Gate oxide reliability, Near-interface traps, 
Silicon Carbide MOSFET, Threshold voltage instability. 

I. INTRODUCTION 

The remarkable material properties of Silicon Carbide 
(SiC), such as wide bandgap, high critical electric field, and 
high thermal conductivity, have enabled SiC MOSFETs to 
become promising switching devices for high-temperature and 
high-power applications [1], [2]. Despite the material 
advantages, Metal-Oxide-Semiconductor (MOS)-based SiC 
devices lack ruggedness due to a high density of traps and 
charges at or near the interface of SiC/SiO2 [3]. Furthermore, a 
high density of interface states is a major cause of low effective 
inversion layer mobility in SiC MOSFETs, which results in a 
reduced current drive and a high channel resistance [4]. 
Significant progress has been made to improve gate oxide 
quality with the development of post-oxidation techniques such 
as NO, N2O, and POCl3 [5]-[8]. However, the interface state 
density in SiC MOSFETs is still much higher than that of Si 
devices and the origins of these states are not fully understood 
[9].  

The threshold voltage is affected by interface states since, 
in strong inversion, these states are negatively charged due to 
the capture of electrons. In addition to interface states, near-
interfacial oxide traps (NIOTs), also known as border traps, 
give rise to threshold voltage instability [10]-[13]. NIOTs can 
be determined by time-dependent bias-stress measurements. 

Over a wide range of time, under bias-stress, we examine gate 
oxide reliability with carrier injection into NIOTs. Under a high 
positive DC bias applied to the gate, electrons in the conduction 
band (CB) of SiC are injected into NIOTs by tunneling. In 
addition, holes back-tunnel from traps in the oxide to the 
valence band (VB) in SiC resulting in a net positive threshold 
voltage shift. Conversely, when a negative DC bias is applied, 
the threshold voltage shifts in the negative direction as electrons 
back-tunnel into the CB with hole injection from the VB. This 
may place devices into a normally-on state, especially in the 
devices with a low threshold voltage. Thus, it is important to 
study the threshold voltage instability in the commercial 
devices to determine their robustness for automotive 
applications which require stringent reliability requirements.  
In this work, we examine the threshold voltage instability of 
Power MOSFETs under both positive and negative DC bias-
stresses at room temperature in commercially available 1.2 kV 
SiC MOSFETs and discuss the charge trapping behavior in the 
oxide. 

TABLE I. DEVICES UNDER TESTS (DUTS). 

 

Vendor Gate structure Voltage rating Current rating 

C Planar MOSFET 

1.2 kV 10-20 A 

D Trench MOSFET 

D' Planar MOSFET 

E' Planar MOSFET 

I Planar MOSFET 

 
 

Figure 1. Bias-stress and threshold voltage measurement condition. 
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II. EXPERIMENTS 

Threshold voltage instability measurements were 
performed with commercially available 1.2 kV SiC MOSFETs 
from different vendors. Devices Under Test (DUTs) are listed 
in Table I. Test circuit was fabricated to apply bias-stress on the 
gate with the remaining terminals grounded on 25 devices at the 
same time. Fig. 1 depicts the sequence for time-dependent 
threshold voltage instability measurement. Both positive  
(+20 V, +30 V) and negative (-10 V) gate bias-stresses were 
used. Before and after each bias-stress, for 5, 10, 20, and 50 
hours, the threshold voltage was measured with an Agilent 4145 
parameter analyzer. The traps being monitored are NIOTs with 
slow response time; therefore, a Constant-Current (CC) method 
was employed to evaluate the threshold voltage where the gate 
voltage is required to flow10 mA of drain current (See Fig. 2) 
[14].  

This is a slow measurement, which allows charges injected 
during stressing to emit from traps in the interval between the 
end of bias-stress and measurement of threshold voltage. 
Unlike fast measurements, where most of the occupied traps 
even in the vicinity of the interface are observable, slow 
measurements give information on the injected charges that do 
not move from the deeper traps at a given recovery time [15]. 
Due to slow time scale, the measurements are sensitive to oxide 
traps near the interface but not to traps at the interface. 
Threshold voltage instability arises due to the capture of carriers 

by these traps as illustrated by energy band diagrams in Fig. 3. 
During positive bias-stress, electrons are injected into the 
NIOTs from the inversion layer in the CB via band-to-trap 
tunneling as depicted in Fig. 3 (b). The injection efficiency is 
determined by the tunneling probability, electric field, and the 
barrier height as a function of time [10]. As stress time 
increases, carriers are injected into the deeper traps in the oxide. 
These trapped electrons increase the threshold voltage. 
Similarly, previously trapped holes may tunnel back into SiC 
VB. Under a negative bias-stress, as shown in Fig. 3 (c), 
accumulated holes are injected from the VB into oxide traps 
while previously trapped electrons back-tunnel into the CB, 
thus resulting in a net negative shift in threshold voltage.  

Fig. 4 shows time-dependent threshold voltage shifts with 
various bias-stresses. Error bars at each point represent the 
variation in 5 devices. The value for threshold voltage shift was 
determined by subtracting pre-stress threshold voltage from 
post-stress threshold voltage. When a positive DC bias of  
+20 V is applied to the gate for 50 hours, the threshold voltage 
shifts are 0.50 V, 0.35 V, 0.16 V, 0.06 V and 0.10 V for devices 
from vendor C, D, D', E', and I respectively (see Fig. 4 (a)). The 
largest threshold voltage shift was found in devices from 
vendor C (device C). The threshold voltage values are found to 
saturate in 20 hours in most cases. For the DC bias of +30 V, 
again devices from vendor C (device C) show the largest 
amount of shift about 0.74 V after 50 hours of stress. Most of 
vendors show the similar trend in threshold voltage shift with 
different bias-stresses. However, devices from vendor E' 

 
  

Figure 2. Constant-current (CC) method implemented on ID-VG transfer 
characteristics of the device C at various stress times. 

 
 

Figure 3. Band diagrams of MOS structure under (a) equilibrium,  
(b) positive, and (c) negative gate bias conditions. 

 
 

Figure 4. Time-dependent threshold voltage shifts for (a) positive bias-stress of +20 V, (b) +30 V, and (c) negative bias-stress of -10 V for 50 hours.  
The error bars represent the spread of 5 devices measured for each vendor.
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(device E') which show the smallest shift at the bias-stress of 
+20 V now have higher threshold voltage shift of about 0.35 V 
than devices from vendor I (device I) and vendor D' (device D') 
(see Fig. 4 (b)). This indicates that trap distribution near the 
oxide in device E' is not uniform. Conversely, when a negative 
bias of -10 V is applied to the gate for 50 hours, the threshold 
voltage shifts in the negative direction. The maximum shift 
about -0.2 V is shown in device C while others show less than 
-0.1 V shift. Thus, for traps measured within the time scale of 
the measurements, we conclude that device C has the most 
number of NIOTs (see Fig. 4 (c)). Considerable variance 
between devices from different vendors implies that some 
vendors have been able to significantly reduce the NIOTs in the 
gate oxide.  

 

III. RESULTS AND DISCUSSION 

When gate voltage is applied, the voltage drop across an 
ideal MOS gate structure is described by ܸீ = ߶ீௌ + ௢ܸ௫ + ߶௦ (1)

where ߶ீௌ is the gate-semiconductor work function difference, ௢ܸ௫  is the voltage across the insulator, and ߶௦  is the surface 
potential. ௢ܸ௫  is the product of oxide thickness (ݔ௢ ) and the 
oxide electric field (ߝ௢௫). If we consider electron injection into 
the oxide and trapping in the interface states, (1) becomes ܸீ = ߶ீௌ − ܳ௦/ܥ௢௫ + ߶௦ 																			+ ௜௧(߶௦ܦݍ − ߶ி)ܥ௢௫ + ௢௫ܥ்ܰݍ − ܳிܥ௢௫ 

(2) 

where ܳ௦  is the total charge in the semiconductor, ܦ௜௧  is an 
assumed constant interface state density (cm-2eV-1), ߶ி is the 
potential difference between the Fermi level and the intrinsic 
level of the bulk, ்ݔ is the tunneling distance to which interface 
traps are filled by direct tunneling, ்ܰ is the number of NIOTs 
per unit area, and ܳி  is the fixed oxide charge in the gate oxide. 
Here we neglect oxide field relaxation due to filled NIOTs. The 
fourth term in (2) depicts charges in interface states. The value 
of Dit appears not to change significantly as monitored with 
subthreshold measurements. The fifth term describes NIOTs 
and determines the threshold shift when ߶௦ = 2߶ி. Therefore, 
the large threshold voltage shift of device C in Fig. 4 implies 
higher ்ܰ.   

In a power MOSFET, under positive gate bias-stress, carrier 
injection into the oxide occurs at N+ source, P-well and JFET 
as illustrated with the cross-section in Fig. 5. Energy band 
diagrams in Figs. 5 (a) and (b) show the voltage drops in the 
MOS structures at N+ source and P-well region under gate bias 
of +20 V. In the case of N+ source region in Fig. 5 (a), voltage 
drop across the oxide is higher than that of P-well region since 
N+ source is in accumulation mode under positive bias. 
Consequently, ߶௦  consumes a very small part of applied 
voltage and therefore most of voltage drop is in ௢ܸ௫ as described 
in (1), while ߶ீௌ remains the same. JFET region is similar to 
the case of N+ source but less doping concentration gives 
slightly lower ௢ܸ௫ . On the other hand, P-well region in  
Fig. 5 (b) shows smaller ௢ܸ௫ since ߶௦ is required to be large to 
first achieve the depletion then invert the surface to form the 

 
                             TABLE II. THRESHOLD VOLTAGE SHIFTS AND NIOTS 

 
channel. Therefore, the carrier injection is the highest over the 
N+ source, then JFET region, which are n-type doped regions, 
and the lowest at the channel in strong inversion. However, the 
change in threshold voltage is only attributed to carrier injection 
from the channel region. Injected charges from the channel 
region are calculated from the measured threshold voltage shift 
(∆்ܸ ு) as  ∆ ௜ܳ௡௝ = ∆்ܸ ு × ௢௫ܥ =  (3) .்ܰݍ

The oxide thickness for ܥ௢௫  is assumed to be 50 nm for all 
vendors. Then ܳ௜௡௝  divided by electron charge, ݍ , which is 1.6 × 10ିଵଽ	ܥ gives us the total number of traps per unit area 
that have captured electrons (்ܰ ). Threshold voltage shifts, 
under bias-stress of +30 V, from Figs. 4 (a) and (b), and the 
number of traps per unit area calculated through (2) and (3) are 
summarized in Table II. The tunneling process is direct 
tunneling into traps which occurs at low electric field in the 
insulator. Band-to-band tunneling followed by trapping in the 
oxide has not been taken into account since the current level is 
low at the given gate voltages. 

Using the barrier height (߶஻) for Fowler-Nordheim (F-N) 
tunneling from SiC to the gate oxide, barrier width from the SiC 
CB to the edge of the oxide (ݔ஻ௐ) indicated in Fig. 5 (b) is 
calculated by ݔ஻ௐ = ߶஻/ߝ௢௫. (4)

where ߶஻ is 2.8 eV [16], ݔ஻ௐ  are 67 Å and 45 Å under the gate 
biases of +20 V and +30 V, respectively. 

Assuming a uniform trap distribution, spatially and 
energetically, tunneling distance to the point where threshold 
voltage shift saturates can be obtained by a quantum 
mechanical approach. Lundström and Svensson have shown 
that the tunneling time constant can be expressed by [17] ߬ = ߬௦ = ߬଴݁ଶ௞ಳ௫೅  (5) 

where ߬ = ߬௦ is the time constant for tunneling from the SiC CB 
to traps, i.e. stress time, ߬଴  is the time constant, ்ݔ  is the 
tunneling distance and ݇஻ is the wave vector. 

Under +30 V C D D' E' I ∆ࢀࡺ 0.15 0.35 0.25 0.50 0.75 (ࢂ)ࡴࢀࢂ(  ૛) 3.23E11 2.16E11 1.08E11 1.51E11 0.65E11ି࢓ࢉ

 
 

Figure 5. Cross-section of conventional DMOSFET with energy-band 
diagrams at (a) N+ source and (b) P-well under a positive gate bias. 
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 ߬଴ is given by  ߬଴ = ߝ஻்݇ߪݍℏߨ4 ൬்݉଴∗݉௦ ൰ଶ (6) 

where ℏ  is Planck constant, ்ߪ  is the capture cross-section,  ߝ is the applied electric field to the oxide,  ்݉଴∗ is the effective 
mass in oxide for the tunneling electron, and ݉௦ is the electron 
effective mass in semiconductor [18]-[20]. In this case, a good 
approximation for ்ߪ  is 10ିଵସܿ݉ଶ . The wave vector ݇஻  is 
given by [17] ݇஻ = ඥ2்݉ݍ଴∗߶஻ℏ  (7) 

Then the tunneling distance as a function of the stress time and 
the electric field is expressed by re-writing (6): ்ݔ = 12݇஻ ln ൬߬௦߬଴൰ (8) 

Fig. 6 shows the tunneling distance under bias-stress of  
+20 V calculated with (6), (7), and (8). When the threshold 
voltage shift saturates, the ்ݔ  reaches a maximum where 
electrons tunnel 39 Å to NIOTs in 72,000 s. Electrons in 1 μs, 
tunnel to traps 18 Å away from the interface. Thus, in making 
measurements, there is a significant amount of back-tunneling 
from NIOTs within a 30 Å distance from the interface. For a 
stress time increase of one order of magnitude, electrons will 
penetrate 2 Å further into the oxide. If the bias-stress increases, 
tunneling distance will increase; however, this effect is limited 
by the oxide breakdown. This is also an indicator of gate oxide 
reliability which is demonstrated by Time Dependent Dielectric 
Breakdown (TDDB) tests [21], [22]. 

 

IV. CONCLUSIONS 

Threshold voltage shifts on commercially available 1.2 kV 
SiC power MOSFETs have been observed by applying bias-
stress to the gate for 5 to 50 hours. Bias-induced threshold 
voltages shift further as bias-stress is increased. Devices under 
test, from different manufacturers, differ considerably in the 
threshold voltage shift. This indicates different near-interface 
trap distributions in the oxide since the threshold voltage is 
significantly affected by those traps. Results also indicate some 

vendors have effectively reduced the NIOTs. A high density of 
NIOTs may have implications for the lifetime of the gate oxide 
and could affect the interpretation of TDDB tests. 
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