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Abstract— This paper compares the long-channel and short-
channel 3300-V, 5-A silicon carbide (SiC) metal-oxide—
semiconductor field-effect transistors (MOSFETSs) manufactured
by GeneSiC regarding static characteristics and short-circuit
(SC) sustaining capability. Their saturation currents were
measured up to 2200-V drain bias at different gate voltages. The
SC withstand times of two types of devices were measured at
2200-V drain voltage and 18-V gate voltage. Their SC test results
were compared with 1200-V SiC MOSFETs from four different
manufactures, which suggested that SiC MOSFETs with longer
channel length should have longer sustaining times in a SC event.
In addition, the device dynamic characteristic was evaluated. A
comprehensive simulation program with integrated circuit
emphasis (SPICE) model was developed based on the device test
results.
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1. INTRODUCTION

Medium voltage (MV) semiconductors greater than 3000 V
are attractive for power conversion applications to avoid the
complex voltage stacking structure and achieve a simplified
control strategy. However, commercial silicon (Si) based MV
devices suffer from one or more limitations including high
hard-switching loss, high specific on resistance and lower
maximum junction temperature. Wide-bandgap (WBG)
semiconductors have shown improved performance compared
with Si devices [1] - [3]. Though most of MV WBG devices
are still emerging with relatively high cost, devices are readily
available from some manufacturers including GeneSiC. These
devices need to be evaluated for performance and reliability for
the market pull they will have in the future.

The targeted devices in this paper are 3300-V, 5-A, TO-268
packaged SiC  metal-oxide—semiconductor field-effect
transistor (MOSFET) samples from GeneSiC. Some papers
have already reported the older generation of this series of
devices in terms of static and dynamic performances [4], [5].
The test samples in this paper are relatively one or two years
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old, and they contain two types of designs with different
channel lengths. In this paper these two kinds of devices were
tested to analyze the relationship between the short-circuit (SC)
withstanding capability and channel length for the first time.
Their SC withstand times (SCWTs) were also compared with
1200-V commercial SiC MOSFETs from four different
manufacturers at the same gate voltage and 2/3 of rated drain-
source voltages. All the measurements were conducted at room
temperature. Furthermore, a SPICE model for the 3300-V
device was developed based on the evaluation results.

In this paper, the static characteristics comparisons of long-
channel and short-channel devices are presented in the Section
II. The SC tests are shown in the Section III. Section IV shows
the device dynamic performance through double-pulse test
(DPT). Finally, the device SPICE modeling including first
quadrant [-V curves, body/integrated Schottky diode I-V curve,
drain-source leakage current, and parasitic capacitances is
presented in Section V.

II.  CHANNEL-LENGTH RELATED STATIC
CHARACTERISTICS

Agilent curve tracer B1505A was used to measure the
device static characteristics except the saturation current at
high drain voltage. The saturation current was measured
through a custom setup shown in Fig.l. The current was
measured through the voltage drop across the 0.1-Q shunt
resistor. Decoupling capacitors were used to achieve low loop
stray inductance. External 20-Q gate resistor was used to
achieve slow turn-off speed. For each point, 1-us turn-on gate
voltage pulse was applied at different drain bias, and the
saturation current was extracted after 500 ns when the device
was turned on.

The first quadrant I-V curves of both short-channel and
long-channel devices are plotted in Fig.2. A higher current is
observed in the short-channel device at the same Vg and Vi,
condition compared with the long-channel device. When Vg, =
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Fig.1 Circuit diagram for saturation current/SC tests.
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Fig.2 First quadrant I-V curves of short-channel and long-channel devices.

18 V and Iy = 5 A, long-channel device has 541-mQ Ryon and
short-channel device has 411-mQ Ryon. In Fig.3, Ii and
transconductance (g.) are plotted at 0.1-V Vg with Vg
increasing form 0 V to 20 V. The short-channel device shows
higher maximum value of g, The threshold voltage was
extracted through the linear extrapolation method. The short-
channel device has threshold voltage of 3.32 V, and the long-
channel MOSFET has threshold voltage of 3.79 V. The
saturation currents were measured up to a drain voltage of 2/3
of the rated voltage (2200 V) at three different gate voltages as
shown in Fig.4. Both saturation currents increased with higher
drain bias and the short-channel device showed higher currents
at the same gate voltage condition compared with the long-
channel device. In terms of other static features, no significant
difference was found in their drain-source leakage current,
gate-source leakage current, and terminal capacitances.

The static characteristics show that the device with long
channel have worse conductance when fully turned-on. The
higher resistance is related to the poor inversion layer mobility
of SiC MOSFETs, resulting from the high density of SiC/SiO,
interface traps (Dit) [6], [7]. Even for MV MOSFETs with
thick drift layer and large drift layer resistance, channel
resistance can be a large fraction of total resistance. Another
factor resulting a lower conductance for a long-channel device
could be its larger threshold voltage caused by the longer
channel [8], [9]. Both disadvantages make the long-channel
devices less attractive in terms of performance compared to the
short-channel one. However, the device with short-channel has
lower barrier between source and channel, which results in
higher output current when a high drain bias is applied [10].
This can make the short-channel device have higher saturation
current and be less reliable when SC events happen. With
higher drain bias, a significant increase in saturation current
can be observed for both devices as shown in Fig.4. As
temperature rises during SC, the effective inversion layer
electron mobility also increases [11] resulting in higher
channel conductance for both cases.
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Fig.3 Measurement of threshold voltages for short-channel (a) and long-
channel (b) devices.
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Fig.4 Saturation currents of short-channel (a) and long-channel (b) devices
with different gate voltages up to Vy of 2.2 kV.

III. CHANNEL-LENGTH RELATED SHORT-CIRCUIT
CAPABILITY

The SCWTs of both short-channel and long-channel
devices were measured at 2200-V drain voltage and 18-V turn-
on/ 0-V turn-off gate voltages. The tests started with a 1-us SC
pulse and then followed by continuous single pulses with
increment of 1 ps until the device failed. The interval between
each test point was longer than 1 min to make sure the device
fully cooled down. The device drain-source voltage, gate-
source voltage, and drain-source current were recorded in the
tests.

Fig.5 shows the waveforms when the tested devices failed.
The short-channel device dissipated 900 mJ energy within 5 ps,
while the long-channel device dissipated 799 mJ energy within
7 us. Both devices failed catastrophically after the gate voltage
was turned off. These SC failures are caused by temperature
related physical changes [12], [13]. The long-channel device
survived for longer time due to lower SC current.

Fig.6 plots SC current waveforms with increasing pulse
length. Current tails after device turn-off can be found in the 5-
us-pulse waveform for the short-channel device, and the 6-us
and longer pulses for the long-channel device. Negative
threshold voltage at high temperature, or largely thermal
generated electron-hole pairs in hot spots could be the reasons
observed current tails [13], [14].

Due to the lack of enough 3300-V SiC MOSFETs from
other vendors in the market, the SCWTs of targeted devices
were compared with four 1200-V SiC MOSFETs from
different commercial manufacturers at normalized conditions
(2/3 of rated drain voltage and 18-V gate voltage). The results
are shown in Fig.7. On average, the SCWT of 3300-V devices
(6 us) is longer than the SCWT of 1200-V devices (4.4 ps).



o =St
e T " T
V. : |
g {10 v/div
o

T~ NEE

/ \

s S
[r————

35 I 10 V/div \

| 15500 v/div \'g prememd|  }(500 V/diiv
|_120a/div Yo 10 A/div —
__2ps/div_ | _2ps/div
[ wrony £ s e (s )
() (b)

Fig.5 The SC tests waveforms (a) The short-channel device failed at the 5-us
pulse after switching off; (b) the long-channel device failed at the 7-us pulse
after switching off.

120

t =Tps t =dps t =1ps
t_=5 P P P
100 ot 8 =6 —— 1,3
2 B t =5ps t =2us
tp:zps P )
o 80 t,=2us
L Cets
_'U
40
20
0
0 5 10
t (us) t (us)
(a) (b)

Fig.6 SC currents for each SC pulse: (a) short-channel device, (b) long-
channel device.
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Fig.7 1.2-kV & 3.3-kV devices SCWTs comparisons. Four 1.2-kV devices
have 3.5, 4.0, 4.8, and 5.4-us SCWTs respectively.
This is expected as the 3300 V devices with thicker drift layer,
offer lower SC current density (normalized to die area) and
larger thermal capacitance of the die.

IV. DYNAMIC EVALUATION

A custom DPT setup was built to investigate the device
switching performance, and its circuit diagram is shown in
Fig.8. The lower switch was driven by 18-V turn-on voltage
and — 4-V turn-off voltage. Its turn-on external gate resistor
was 20 Q and the turn-off gate resistor was 10 Q. The upper
switch was kept in an off position to act as a freewheeling
diode. Active Miller clamping circuit was used in both upper
and lower switches to stabilize the gate signals. Considering
both long-channel and short-channel devices have almost the
same parasitic capacitances, only the test results of the device
with short channel are presented.

The DPT waveforms of lower switch are shown in Fig.9.
The dc bus voltage is 2400 V and the inductive switching
current is 6 A. The fall time of Vs from 90% to 10% is 95 ns
with dV/dt of 20.2 kV/us during turn-on, and the rise time of
Vis from 10% to 90% is 45 ns with dV/dt of 42.7 kV/us during
turn-off. The total switching loss is around 1 mJ including 850
wJ switching-on loss and 150 wJ switching-off loss.
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Fig.8 Circuit diagram for DPT for dynamic evaluation.
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Fig.9 (a) Device DPT waveforms; (b) zoomed in on switching-on transient;
(c) zoomed in on switching-off transient.

V. SPICE MODELING

The SPICE modeling method for the short-channel 3300-V
device is discussed next. Based on static characteristics, the
models for first quadrant I-V curves, body diode I-V curves in
third quadrant, drain-source leakage current, and three parasitic
capacitances (Cyq, Cus, Cqs) were developed.

A. Modeling of First Quadrant I-V Curves

Classic MOSFET SPICE voltage controlled current source
models are labeled and known as level-1, level-2, and level-3
models, which are analytical or semi-empirical models with



parameters and equations derived from physics [15], [16]. The
level-1 model with channel length modulation was built in this
paper. The model was improved by adding a bulk charge
variation parameter [15], which is considered as a constant in
the traditional level-1 model equations. The complete formula
is shown as:

Ves < Vi (cutoff region)

lis =0 (1)
0 < Vis < (Vgs— Vi) / o (linear region)

Lis = % Vas— Vi — 0.5 x a x V) x Vg X (1 + A4 %

Vas) (2)
0 < (Vgs— V) / a < Vg (saturation region)
ls=(B/2/0) x Ve—Va) x (1 +3xVa)  (3)

where £ is the current gain factor and f = us X Cox X W/ L, of
which g is the effective charge-carrier mobility, C,. is the gate
oxide capacitance, L is the channel length, and W is the
channel width. In addition, V7 is the threshold voltage, A is the
channel length modulation parameter, and « is the bulk charge
variation parameter.

The values of f, Vi, a and A were determined through
Matlab curve fitting tool. Specifically, f = 0.1455, Vi = 3.808,
o = 02848, and A = 0.0005946. The comparisons of
measurement data, level-1 models with and without bulk
charge are shown in Fig.10. The drain voltage ranges from 0 V
to 2000 V in Fig.10 (a) and from 0 V to 50 V in Fig.10 (b).
Gate voltages are 10-V, 14-V, and 18-V for both V, ranges.
The curve fitting error sum of squares (SSE) of level-1 model
had a 92.2% reduction after adding the bulk charge parameter,
which indicates that the bulk charge parameter significantly
improved the fitting accuracy.

B.  Modeling of Body/Integrated Schottky Diode I-V Curve

A piecewise function is used to describe the MOSFET
intrinsic body diode or integrated Schottky diode forward
feature when the switch is working in the third quadrant region
and inversion layer is fully suppressed. The modeling formula
according to [17] is shown as:

Via < Verr (low-level injection region)

La=1Ia % [exp(Vsa/ V) — 1] 4)
Veri < Visa < Ver2 (high-level injection region)

La =Ly % [exp(Vsa/ Vi) — 1] — Lar (5)
Verz < Via (linear region)

La = Via /Rs — La2 (6)

where V,,; is the threshold voltage between low-level injection
region and high-level injection region; and V> is the threshold
voltage between high-level injection region and linear region.
Iy and V; are saturation current and emission parameter for the
low-level injection region, respectively; and [y and V) are
saturation current and emission parameter for the high-level
injection region, respectively. R; is the series resistance in the
linear region, and Iy and [y are the star-up currents
calibrations values for high-level injection and linear regions.
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Fig.11 Comparisons of modeling results and measurement data for
body/integrated Schottky diode I-V curve.

The parameter values were extracted through Matlab curve
fitting tool: Ver; = 2.1, Vero = 11,1q = 0.000216, Iy, = 12.7, V; =
0.2653, Vi, = 8.208, Ry = 0.4319, 141 = 5.936, and 42 = 13.91.
Fig.11 plots the measurement data at V, of -5 V and the
modeling result curve.

C. Modeling of Drain-source Leakage Current

The drain-source leakage current was measured from 0 V
drain bias to 3000 V drain bias with gate voltage at -5 V.
Referring to [17], a superposition of a linear function and an
exponential function were applied to fit the device drain-source
leakage current, which is shown as:

lass = Iy < exp[g1 % (Vis—Vir)] + g2 % Vs (7

where I is the coefficient of avalanche breakdown current, V,
is the avalanche breakdown voltage, g; is the coefficient of
avalanche breakdown conductance, and g, is the leakage
conductance coefficient.



Based on the parameter optimization calculation, /y = Se-§,
Vi = 3500, g; = 0.005, and g» = 1.355e-13. Then the fitting
result is shown in Fig.12.

D. Modeling of Terminal Capacitances

The parasitic capacitances were measured and modeled as
Cag vs. Vs that from 0 V to 2000 V, Cys vs. Vg that from 0 V to
2000 V, and Cg vs. Vg that from -5 V to 20 V. According to
[17], [18], the modeling formula for C4 can be expressed as:

Cag vs. Vis
Cdg = Coxd X Cdg(/ /Sql’t(l * Vds / th) / (Coxd * Cdgo /
sqri(l + Vas / Via) (3

where C,. is the gate-drain oxide capacitance, Cgug is the
zero-bias capacitance of Cy, and Vi, is the drain threshold
voltage. After data optimization, these values were extracted
as follows: Coy = 9.995e-8, Cuqo = 8.796e-10, and Vg =
0.0799. For the Cys model:

Cus vs. Vg
Cas = Caso / (1 + Vas / Vi)™ ©)

where Cyy is the zero-bias capacitance of Cys, Cy; is the built-
in potential, and m is the order coefficient. The following
values were obtained: Cyyp = 5.14e-10, Vi = 1.34, and m =
0.4754. As for Cg, a pure empirical model is applied:

Cys 8. Vs, when Ve, <— 1.2

Cos =—9.951e-11 x Vgg + 8.936e-10 (10)
Cys VS. Vs, when — 1.2 < Vg < 2.3

Cys = 9.463-10 (11
Cys vs. Vs, when 2.3 < Vi,

Cys = 2.368e-9 (12)

Fig.13 plots the measurement data and modeling results of
all three capacitances.

VI. CONCLUSION

The on-resistance and threshold voltage differences of
3300-V long-channel and short-channel devices are presented.
The SC withstand capabilities of these two devices are also
discussed. In summary, the long-channel device has larger on-
resistance, higher threshold voltage but longer SCWT
compared with the short-channel device. Compared with 1200-
V commercial devices, the 3300-V devices from GeneSiC
showed better average SCWT at 2/3 of their rated voltages and
18-V Vg. The dynamic evaluation and SPICE modeling
method of the short-channel device are presented as an
example. The DPT results show a 1 mJ switching energy loss,
with 20.2 kV/us turn-on dV/dt and 42.7 kV/us turn-off dV/dt,
at 2400-V dc bus voltage and 6-A switching inductive current.
At the end, the modeling results including first quadrant I-V
curves, body diode I-V curve, drain-source leakage current,
and three parasitic capacitances are presented.
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