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Relatively recently, SiC power MOSFETs have transitioned from being a research exercise to becoming an indus-
trial reality. The potential benefits that can be drawn from this technology in the electrical energy conversion do-
main have been amply discussed and partly demonstrated. Before their widespread use in the field, the
transistors need to be thoroughly investigated and later validated for robustness and longer term stability and

reliability. This paper proposes a review of commercial SiC power MOSFETs state-of-the-art characteristics and

discusses trends and needs for further technology improvements, as well as device design and engineering ad-
vancements to meet the increasing demands of power electronics.

© 2016 Elsevier Ltd. All rights reserved.

Keywords:
Silicon Carbide (SiC)
Power MOSFETs
Reliability
Robustness
List of symbols
d device thickness [cm]
Dyp diffusion coefficients [cm, s™]
E electric field [V cm™!]
Ec critical electric field value [V cm™']
E, energy bandgap [eV]
H heat dissipation rate [W cm™3]
T current density [ 2m]
Jieax leakage current amplitude [A cm™?]
np electron, hole density [cm ™3]
n; intrinsic carrier concentration [cm ™3]
Pp power density [W cm ]
q electronic charge [C]
Rs specific resistance [Q]
Ry thermal resistance [K W™ 1]
Vv electrostatic potential [V]
Ver breakdown voltage [V]
Vps drain-source voltage [V]
Vs gate-source voltage [V]
Tcase case temperature [°C]
or current temperature coefficient [A K™ 1]
& relative dielectric constant [—]
No thermal conductivity [W cm—1 K™!]
np electron, hole mobility [cm? V=1 s 1]
Zy thermal impedance [K W™ 1]
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1. Solid-state devices in power electronics

Switches used in electrical energy conversion are primarily expected
to enable transfer of energy between a source and a load, allowing
for conversion of the electrical characteristics (e.g., voltage and cur-
rent levels), with minimum energy losses in the process. Ideally,
one would want devices featuring infinite current conduction capa-
bility with zero on-state voltage (i.e., conductor-like behaviour), in-
finite blocking voltage capability with zero off-state current flow
(i.e., isolator-like behaviour) and instantaneous non-dissipative
transitions between the on and off states. Semiconductor compo-
nents enable approximating these behavioural features to a reason-
able extent and with a considerable degree of design flexibility.
However, in practice, the design of solid-state devices is necessarily
characterised by trade-offs between on-state, switching and
blocking performance. How closely a power device approximates
an ideal switch is a very important figure of merit, key in the compe-
tition among manufacturers: indeed, the ability to conjunctly
improve the above mentioned characteristics yields not only better
efficiency and reduced stresses, but also, and probably more
importantly, it enables to significantly decrease the size and weight
of power converters by reducing electro-magnetic filters and heat-
sink sizes, which is of paramount strategic value in a broad range of
application domains.

1.1. Design for nominal function

Eq. (1) is most commonly used to describe the on-state behaviour of a
semiconductor device (see [1-3], for example). A more detailed

(2016), http://dx.doi.org/10.1016/j.microrel.2015.12.034

Please cite this article as: A. Castellazzi, et al., SiC power MOSFETs performance, robustness and technology maturity, Microelectronics Reliability



mailto:alberto.castellazzi@nottingham.ac.uk
Journal logo
http://dx.doi.org/10.1016/j.microrel.2015.12.034
www.elsevier.com/locate/mr
http://dx.doi.org/10.1016/j.microrel.2015.12.034

2 A. Castellazzi et al. / Microelectronics Reliability xxx (2016) XXx-Xxx

description also accounts for current components associated with tem-
perature gradients (Seebeck effect) [4], but it is beyond scope in this con-
text.

T =quun-VV+qDy- Vn+ quyp- VV — gD, - Vp 1)

The on-state current is the sum of drift and diffusion components,
due to flow of both electron and holes, driven by gradients within the
semiconductor crystal of the electro-static potential and the charge-
carriers' density, respectively. More typically, devices are designed to
make primarily use of drift current components of one charge carrier
type and diffusion of the other type. So, for simplicity, in the following,
reference is made to electron (n) drift currents and hole (p) diffusion
currents. In a first approximation [4], the density of power dissipated
during the on-state conduction (i.e., the heat generation rate) can be de-
scribed as

JT-E=H=pp )
and is thus essentially related to the drift current components, the fac-
tors multiplying the voltage gradient in Eq. (1) being equivalent to a

specific electrical resistance

1
qu,n

-d=Rs. 3)

So, to optimise on-state performance, relatively high doping levels
and relatively large diffusion current components are desirable, with
as thin as possible devices.

However, for a given material, the maximum doping level is typically
dictated by the concurrent requirement for voltage withstand capabili-
ty, the device breakdown voltage being inversely proportional to the
carriers' concentration as

&r
Vip S Ec. (4)

Minimum crystal thickness is in general limited by the need to con-
tain the depletion region extension, which increases with blocking volt-
age capability as

2&;
Wp Hq*nVBD- 5)

Also, the leakage current in a power device increases with both re-
verse bias voltage and intrinsic carrier concentration, the latter being a
function of both temperature and energy band-gap [2,3], as

Jieak™V/ Vs - 1y (6)

Finally, diffusion currents require charge accumulation within the
semiconductor crystal, which typically impairs the device switching
performance.

1.2. Temperature considerations

Power devices operation is intrinsically characterised by heat gener-
ation and self-heating phenomena (see Eq. (2)). In the steady-state, the
resulting change in device operational temperature is related to the

power dissipation by

AT =Pp - Ry (7)

with
1
Re‘x )\—9 -d. (8)

Temperature plays a major role in a number of considerations relat-
ed to both the design and the theoretical performance of the devices [1-
3,5]. Indeed, the design features of a semiconductor device are condi-
tional to its doping levels always being much higher than the intrinsic
carrier concentration: when this condition is no longer met, the device
loses its intended characteristics. This poses a clear limit to the device
maximum operational temperature capability. Over the allowed range,
the actual temperature value affects on-state (e.g., decrease of carriers'
mobility), off-state (e.g., increase of leakage current) and switching per-
formance. Finally, the value of AT is central in determining the device
reliability and operational lifetime.

1.3. SiC versus Si

Table 1 summarises the values of four selected material properties
for Si and SiC. The critical electrical field of SiC is about seven times
higher than that of Si. In view of the preceding discussion, it is clear
how this characteristic alone has the important implication of enabling
a significant increase of the doping level for a given target blocking volt-
age capability. This, in turn, leads straightforward to a reduction of the
required minimum nominal thickness for a given voltage blocking capa-
bility. The result is that SiC devices can theoretically be designed with
greatly improved on-state performance than their Si counterparts, or,
conversely, devices with much smaller cross-section and higher
blocking voltage than Si can be realistically designed, still with suitable
on-state performance: this, notwithstanding a lower value of the car-
riers’ mobility in SiC as compared with Si [3]. A reduction of the die
cross-section goes in favour of switching performance, as it reduces
the built-in capacitance. Also, with high enough doping and reduced
thickness, reliance on large diffusion currents to achieve satisfactory
on-state performance is less of a need and charge storage effects can
be significantly reduced, with great advantages from a switching perfor-
mance point of view.

Still after the values listed in Table 1, the intrinsic carrier concentra-
tion in SiC is about 20 orders of magnitude lower than in Si at room tem-
perature. This has the twofold consequence of enabling the design of
devices able to operate at temperatures well in excess of the typical
maximum values found in Si, as well as designing devices with much
higher voltage withstand capability than in Si for a given target perfor-
mance. A nearly three-fold value of energy band-gap of SiC as compared
to Si contributes to the design of devices with high temperature capabil-
ity, thermally stable characteristics and intrinsically robust against a
number of overload conditions. For reference, the energy bandgap in
Si reduces from nearly 1.1 eV at 300 K to nearly 0.9 eV at 1000 K, where-
as the change is from about 3.26 eV at 300 K to 3 eV at 1000 K for SiC [3].

Finally, the higher thermal conductivity value enables a reduction of
the thermal resistance of the semiconductor die, which, in principle, can
be taken advantage of by increasing the achievable power density for a
given AT (i.e., device size for given current rating, see Eq. (7)) or by re-
ducing AT for a given power density value. To which extent the reduced
Ry value of the die can be taken advantage of clearly depends on its rel-
ative importance in the overall thermal resistance value of the packaged
device.

Table 1
Selected material properties of Si and SiC.
Ec n; (300 K) Eg Ao
[MV/cm] [em™3] [eV] [W/em K]
Si 03 1.45-10'° 1.12 1.5
SiC 2.0 82-107° 3.26 45
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