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Wide Bandgap Semiconductor Devices

Why wide bandgap semiconductor materials can significantly 
improve the tradeoff between breakdown voltage, forward 
voltage drop, and switching speed

Silicon Carbide (SiC) power devices
• Schottky diode
• MOSFET

Gallium Nitride (GaN) power devices
• HEMT
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Specific on-resistance Ron as a function of breakdown voltage VB

A  device area
VB device breakdown voltage
Ec critical electric field for avalanche breakdown
µn electron mobility
es semiconductor permittivity
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Comparison of Power Semiconductor Materials
Material Bandgap [eV] Electron

mobility µµn
[cm2/Vs]

Critical field 
Ec [V/cm]

Thermal 
conductivity 

[W/moK]
Si 1.12 1400 3 x 105 130

SiC 2.36-3.25 300-900 1.3-3.2 x 106 700
GaN 3.44 1500-2000

(AlGaN/GaN
2DEG)

3.0-3.5 x 106 110

Wide-bandgap device advantages
• Much larger Ec, hence much lower specific Ron at high breakdown voltages
• Majority carrier devices: no current tail, no reverse recovery
• Capability of operation at increased junction temperature
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But:
• SiC is inferior to Si at sub-600V voltages because of lower electron mobility
• GaN devices are lateral (not vertical), more difficult to scale to higher

voltages and currents
• GaN substrate issues: GaN-on-Si
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The SiC Schottky Diode

Available at 600 V, 1200 V, and higher
No reverse recovery
Forward voltage drop 1.5 V – 2 V
Comparison with p–n Si diode at same voltage:

• Much lower switching loss
• Higher conduction loss
• Overall higher efficiency
• More expensive

Note that silicon Schottky diodes are restricted to < 100V
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The SiC MOSFET

We have silicon MOSFETs at up to 600-700 V
SiC MOSFETs now are available at 600V – 10kV

• Properties are similar to Si MOSFETs, but with low Ron at
these higher voltages

• p–n body diode has VF of 3-4 V
• Allows much higher switching frequency than Si IGBT104 Switch Realization

Table 4.4 Characteristics of several commercial SiC MOSFETs

Part number Rated maximum voltage Rated average current Ron Qg (typical)

C3M0030090K 900 V 63 A 30 m⌦ 87 nC
C3M0075120K 1200 V 30 A 75 m⌦ 51 nC
C2M0045170D 1700 V 72 A 45 m⌦ 188 nC
SCT3022AL 650 V 93 A 22 m⌦ 133 nC
CPM3-0900-0010A 900 V 196 A 10 m⌦ 68 nC

Additionally, a wide bandgap directly influences the impact on switching time because
improvement in specific on-resistance allows a reduction in device area while maintaining the
same on-resistance. Reduction in device area reduces its capacitance, and hence also switching
loss. Further, wide bandgap materials enable the use of majority carrier devices in much higher
voltage applications, with no current tail, no reverse recovery, and other advantages of majority
carrier device technology. Hence a technological improvement in Eq. (4.40) represents an
improvement in a combination of on-resistance, switching time, and voltage breakdown.

Native oxide layers can be grown on SiC, and manufacturers have developed vertical power
MOSFETs in SiC having structures similar to Fig. 4.47. The properties of several commercial
SiC power MOSFETs are listed in Table 4.4. Relative to Si MOSFET technology, these SiC
MOSFETs achieve significantly higher breakdown voltages, lower on resistances, and lower gate
charge. Silicon Carbide MOSFETs rated at 10 kV [43] and higher are feasible.

Table 4.3 notes that SiC exhibits significantly lower electron mobility than Si. Since on-
resistance depends on mobility, low-voltage SiC MOSFETs exhibit inferior on-resistance in
low-voltage devices. The advantage of wide bandgap in SiC causes SiC devices to be superior to
Si devices only at rated voltages above 600 V. At lower rated voltages, SiC MOSFETs exhibits
lower specific resistance than Si MOSFETs.

Silicon carbide exhibits high thermal conductivity and low thermal coe�cient of expansion.
Bulk devices are able to operate at very high temperatures, possibly up to 300 C. However, the
packaging of these devices generally is limited to lower temperatures. Additionally, the reliability
of oxide layers is compromised above 175 C, which limits the maximum temperatures of SiC
MOSFETs.

The SiC MOSFET includes a body diode, as in Fig. 4.48(c). The forward voltage drop of this
SiC p–n diode is 3–4 volts, and its reverse recovery time typically is several tens of nanoseconds.
If reverse current conduction is required, the MOSFET can be turned on and operated as a
synchronous rectifier, to reduce conduction loss.

As noted earlier, the SiC Schottky diode finds application as a replacement for high voltage
Si p–n diodes, at 600 V and above. The SiC MOSFET may find application as a replacement
for the Si IGBT at 600 V and above, enabling higher switching frequencies and smaller reactive
element size.

Gallium Nitride (GaN) is a second wide bandgap material finding significant application
in power electronics. The bandgap energy and critical field of GaN is even higher than SiC,
and Eq. (4.40) again predicts that GaN can potentially achieve a major improvement in the
relationship between on-resistance and breakdown voltage. Thin-film lateral GaN devices are
deposited on a Si or SiC substrate. Since no native oxide is available in GaN, these transistors are
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Power GaN HEMT

High Electron Mobility Transistor (HEMT)
A heterojunction field effect transistor

Source Gate Drain

AlGaN
n-type

GaN
intrinsic

Substrate

AlGaN: low bandgap
GaN: high bandgap

Lateral device
No oxide layers
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The Two-Dimensional Electron Gas
(2DEG)

Source Gate Drain

AlGaN
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GaN
intrinsic

Substrate
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2DEG

The energy band diagram 
takes a step at the 
heterojunction. Under the 
correct conditions, a 
2DEG forms at the 
surface of the GaN layer. 
These electronics exhibit 
very low resistivity (high 
mobility), and can 
conduct current between 
source and drain.

A majority carrier device 
having:
• High breakdown field
• Low on resistance
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The HEMT is a JFET

G

S

DThe basic device is a depletion-mode junction field-effect 
transistor:

• Normally on
• To turn off, reverse-bias gate
• Gate-channel junction is a diode that can conduct

current when forward-biased

Additional semiconductor design can shift threshold
voltage:

• Enhancement-mode JFETs are available
• Then device is off when vgs = 0
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Electrical Considerations

G

S

DOn state:
• vgs > Vth with Vth ~ 3.5 V
• But don’t apply vgs that is too large: gate-source

diode will become forward-biased and conduct
large current.

Off state:
• vgs ≤ 0

Reverse conduction:
• No body diode
• Channel can conduct current in either direction
• With vgs = 0, a negative vds (< – Vth) can turn

device on
• Behavior is similar to having a body diode,

except
• Large forward drop ~ Vth
• No reverse recovery
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State of the Art Device Comparison Example

Si MOSFET GaN
Voltage rating 600 V 650 V
Ron at 25oC-150oC 24-60 mW 25-65 mW
Qg at VDS = 400V 123 nC (10V) 12 nC (6V)
Coss (energy eq.) 184 pF 177 pF
Coss (time eq.) 1900 pF 284 pF
VSD 0.8 V 4 V
Qrr 8.7 uC -
trr 440 ns -
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State of the Art Device Comparison Example

Si MOSFET GaN
Voltage rating 600 V 650 V
Ron at 25oC-150oC 24-60 mW 25-65 mW
Qg at VDS = 400V 123 nC (10V) 12 nC (6V)
Coss (energy eq.) 184 pF 177 pF
Coss (time eq.) 1900 pF 284 pF
VSD 0.8 V 4 V
Qrr 8.7 µµC -
trr 440 ns -

Qrr VDS fs = 350 W 
at 400V, 100 kHz

Si MOSFET body diode 
reverse recovery




