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SIC Impacts
‘Greening’ of Power

Understanding the differences
between Silicon Carbide (SiC) and Silicon (Si)
for power electronics

Silicon Carbide (SiC) is man made; it is the combination of silica sand and

carbon combined at temperatures between 1600° and 2500°C. Though SiC has been around since
1824, it has not been used commercially in microelectronics and power electronics until the past decade

or so when blue LEDs and Schottky Barrier Diodes (SBDs) became available from CREE as well as

the latter from Infineon in 2001.

By Philip C. Zuk, SiC Strategic Marketing Manager and Bruce Odekirk, Director,
SiC Program Microsemi Power Products Group

iC is now being seen as a more
Sideal material than Si for power
electronics. For an optimum

power semiconductor switch, SiC offers
a higher thermal conductivity (1), higher
breakdown electric field (E,), larger
bandgap (Eg), and higher saturation
velocity (Vp) then Si. In addition, SiC is
an extremely rugged and stable mate-
rial. Having the same native oxide as Si,
it can be used to develop a number of
devices as follows:

e Schottky Barrier Diode (SBD)

¢ PIN Diode

¢ Junction Field Effect Transistor
(JFET)

e Metal Semiconductor Field Effect
Transistor (MESFET)

¢ Bipolar Junction Transistor (BJT)

¢ Metal Oxide Semiconductor Field
Effect Transistor (MOSFET)

¢ Insulated Gate Bipolar Transistor
(IGBT)

Silicon Carbide is available in a family
of different crystal formations (known
as polytypes) with wide bandgaps
similar to Gallium Nitride (GaN). Though
there are more than 200 different SiC

polytypes, Table 1 lists the three most
commonly occurring ones, along with
their bandgaps (Eg), thermal conductiv-
ity (A), breakdown electric field (E,,), and
saturated electron drift velocity (Vp).

Wide Bandgap Material

SiC is termed as a “Wide bandgap”
material. This refers to the energy gap
between the conduction band minimum
and the valence band maximum
(Figure 1).

Increased Temperature of
Operation

Because of the higher bandgap
energy, the semiconductor properties
of SiC are less sensitive to increased
temperatures than Si. This benefit
results from SiC’s lower intrinsic car-
rier concentration (ni). The intrinsic
carrier concentration (ni) defines when
the device starts to behave as a bulk
resistor (around 1 x 10"°cm™®) and fails
to operate in a normal semiconductor
fashion. Figure 2 shows a graph of ni
versus temperature for Si and SiC. SiC
does not approach this critical intrinsic
carrier concentration until tempera-
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tures exceed 1000°C.

Higher thermal conductivities of SiC
(Table 1) ease heat sinking requirements
contributing to the feasibility of high-
temperature, high-power electronics in
the future.

These attributes allow SiC devices
to function as good semiconductors at
temperatures in excess of 500°C.

Electric Field Characteristics (E,,)

SiC is able to handle a higher electric
field (10 times greater than Si, see Table
1) before breakdown occurs. This allows
the use of a thinner (0.1 times that of
silicon devices), more highly doped (ten
times the doping concentration) drift
layer, resulting in a lower on-resistance
(Rosiony) — typically a minimum of 10
times lower than for Si devices of the
same blocking voltage.

Figure 3 shows the relationship of
drift velocity (Vp) versus field strength
(E). While Si has higher low field mobil-
ity than SiC, SiC has higher high field
saturation velocity. For Si this velocity
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Table 1: Semiconductor material overview @ 300°K

"Measure of the ability of a solid or liquid to transfer heat

2|EEE Transactions on Electron Devices, 1993

®An indirect bandgap semiconductor is a semiconductor in which the bottom of
the conduction band does not occur at the same location in k space as the top
of the valence band. Conservation of momentum requires phonon participation
in electron-hole recombination in an indirect gap material, which significantly
reduces the efficiency of optical transitions. Examples are: Si, Ge, GaP. Most IlI-V
semiconductors (GaAs, InF, GaN) are direct gap materials, and therefore make

very efficient optical devices.

limit occurs near the mean drift velocity
of 1x10’cm/s and represents the point
at which added energy imparted by the
field is transferred to the lattice rather
than increasing the carrier velocity. At
higher fields, SiC drift velocity is twice

that of Si. This is advantageous for
some high power applications.

Silicon Carbide Challenges
Even though there are advantages
to the use of SiC over Si, there are still

many challenges.

1. The material quality is lower and
the cost is higher than is needed for
broad commercialization. While both of
these are improving year by year, SiC
substrates and epi layers are still far
from the level of maturity that silicon has
obtained.

2. Primary material defects are:

a. Micro pipes, which are tornado
like micron-sized holes through
the wafer, also called an open core
screw dislocation with a large Bur
ghers vector, (Figure 4). These are
killer defects for all devices.

b. Basal plane dislocations, which
can cause V; drift in conductivity
modulated devices (PIN diodes,
BJT’s, etc), but are not harmful
to majority carrier devices (MES
FETs, MOSFETs, JFETs, Schottky
diodes).

c. Screw dislocations, which are
caused by rotational lattice
mismatches that can be closed-
core or open-core (Figure 5).

d. Edge dislocations, which are
extended defect lines or planes not
aligned with neighbors (Figure 6).

3. MOSFETSs, though under develop-
ment, have not been brought to the
point where they are used in military or
commercial applications. Primary chal-
lenges are:

a. MOS interface quality, where inter

face state and fixed oxide
charge densities need further re-

Figure 1: Indirect® conduction band bandgap comparison

between Si and SiC.
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Figure 2: Intrinsic carrier concentration (ni) comparison

between Si and SiC.
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Figure 3: Drift velocity versus electric field comparison
between Si and SiC.

Figure 4: Micropipes within a wafer.
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duction for adequate control of
Threshold Voltage (Vy,) and For
ward Voltage (V).

. Reliability issues associated

with a smaller barrier height

at the oxide/SiC interface due to
the large bandgap of SiC. This
can result in increased Fowler-
Nordheim current injection into
the gate oxide at moder ate field
strengths, which in turn can re-

ducethe lifetime of the gate oxide.

Figure 6: Edge Dislocation, A’ would be at A if the dislocation had not happened.

4. In order to take full advantage of
the much higher operating temperatures
and power densities obtainable with SiC
devices, significant packaging devel-
opment is required. While SiC power
devices can provide significant system
performance advantages using conven-
tional packaging, even greater improve-
ments (and hence broader commercial
utilization) will occur with enabling
improvements in packaging.

Final Thoughts
In summary, SiC has advantages over
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Si in the high voltage (500V to >10KV),
high power density, and high tempera-
ture operation end of the RF Power and
Power Switching markets. The char-
acteristics of SiC allows higher dop-

ing levels along with the use of thinner
drift layers as compared with Si in high
electric field (>500V) applications. With
the higher doping and thinner drift layers
in SiC, the on-resistance of the device
can be reduced by more than an order
of magnitude compared to Si. Addi-
tional benefits, including higher thermal
conductivity (the ability to transfer heat),
higher electric field strength, and higher
drift velocity, will have major impacts on
the size, efficiency, and applications of
power electronics in the years ahead.

Even though SiC has been around
for sometime, the development of high
quality material has only recently al-
lowed it to be used in power electronic
applications. With this in mind, there are
still many hurdles to overcome in order
for this technology to become main
stream. As time moves forward these
challenges will be met; power systems
will become more efficient and smaller.
SiC devices will have a profound impact
on the “Greening” of our world.

July/August 2008





