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Improvement of High Power Device Characteristics by Using Wide Bandgap
Semiconductors

gogooooo
S. YOSHIDA

Recently, crystal growth and device fabrication techniques of wide bandgap materials, like
SIC, nitrides and diamond have been developed, and some advantages of high power devices
using these wide bandgap materials have been demonstrated. Their large breakdown voltage and
large saturation drift velocity as well as their large wide bandgaps bring about large tolerance of
high power switching, resulting in the improvement of the specification of high power devices,
such as FET and thyristors. The capability of high temperature operation of these devices is also
good for high power devices. Superfast turn-on process of GaAs thyristors is explained by photon
process due to high internal quantum efficiency of radiative recombination in direct bandgap ma-
terials, which is different from those of indirect ones, likei8i, ambipolar diffusion model.
Here, we will discuss what kinds of semiconductors are desired to fabricate electronic devices
having hard specificatiomg., operating with high power, at high frequency and/or high tempera-
tures, in terms of materials parameters. Next, the demand for the hard specification of the devices
is discussed. Finally, the present state of the research on the device fabrication using wide bandgap

semiconductors is reviewed.
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Table 1 Materials parameters of semiconductors, Si, GaAs, SiC, GaN and diamond, and their figures of merit for power devicésn@igture o

Si=1).
Semiconductor Si GaAs 4H-SiC GaN diamond
band gapU E, (eV) 1.1135 1.428 3.02 3.39 5.470
crystal structure diamond zincblend hexagonal wurtzite diamond
thermal conductivity 151 0.54 4.9 13 20.9
kO (W/cmK)
mobility u electron 1500 8500 700 900 1800
(cm?V's) hole 450 420 120 400 1600
dielectric const. € 11.9 12.91 9.66%, 10.03¢ 9.5% 10.4¢ 5.93
£, 11.6 11.10 6.52%, 6.70° 5.357, 5.35° 5.76
saturated drift velocity 1x 107 2x 107 2.7x 107 2.7x 107 2.5x 107
V, (cm/s)
breakdown field 3x 10° 6.5x 10° 3.5x 10° 2.0x 10° 4x 106
E, (Vicm)
figure of merit
Johnson's M=(V/E,)? 1 18.8 992 324 1,100
Key's M, =k(V /e )" 1 0.52 6.4 1.05 37
UR O euES? 1 62 602 141 1654
fra O HEGE 1 13.9 9.0 7.0 41
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Fig.2 The temperatures where the reverse leak current at the pn junc-
tions exceed 1®A/cm?, and those where the intrinsic carrier

concentrations exceed ®0m? for various semiconductors.
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Table 2  Specification and structures of high temperature devices.
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Semiconductor Device Structure Max.Operation  Characteristics Ref.(year)
Temp.(O)

GaAs MESFET 500 £,=0.5um, ¢ =10um Wurfl (1995)
GaAs/AlGaAs HBT 250 Wurfl (1996)
JFET 350 Zolper (1996)
HFET 400 Ring Osc. Baier (1994)
MESFET Op Amp 350 £=2um, f=7GHz Baureis(1996)
MMIC 300 AlAs/GaAs SL Wurfl (1996)

GaP BJT 450 Zipperian (1981)
Thyristor 500 V, =280V Keune (1972)

GaP/AlGaAs HBT 550 Zipperian (1983)

Nitrides MODFET 300 9,=120, £,=36.1GHz Khan (1996)

400 800hr. Yoshida (1997)
500 Aktas (1996)

MESFET 500 g,=10mS/mm(4000 ) Binari (1997)
GaN/SiC HBT 500 Pankove (1996)

SiC 4H-pn JD 400 vV, =1130V Palmour (1994)
4H-pnJD 600 Neudeck (1996)
6H-JFET 600 30hr Buried-gate Neudeck (1994)
6H-JFET 400 Implanted-gate n-chan. Sheppard (1997)
6H-MOSFET 400 H,,,,=060cm?/Vs (4000 ) Billon (1994)
4H-UMOSFET 300 150V,3.3V(100A/cm?)  Palmour (1994)
4H-UMOSFET 350 260V,18mW/mm Palmour (1996)
6H-Thyristor 500 160V,3V(100A/cm2) Palmour (1994)
4H-Thyristor 350 900(700)V,2(6)A Palmour (1996)
6H-MOSFET Op Amp 3500 monolithic Op Amp Brown (1994)
6H-MOSFET ICs 300 monolithic IC V80V Siergiej (1994)
4H-JFET Op Amp 350 Dillard (1996)
6H-MOSFET 3000 neutron 5x 10%cm-? McGarrity (1996)

Diamond MESFET 400 g,=1mS/mm
MISFET 550 9,=174mS/mm Dreifus (1994)
Digital Logic 400 Holms (1994)

Si SOl CMOSFET 300 Gingerich (1994)
SOl CMOS Op Amp 250 >2000hr. Gingerich (1994)
SOl CMOS SRAM 250 >500hr, 64k Brusius (1994)
L 462 2500 >4000hr Migitaka (1996)
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Fig.4 Applications of high power devices.
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Fig.5 Out-put power versus switching frequency of Si power devices with the expected specifications of SiC devices.
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Table 3 Specification and structures of high power SiC devices.

Device Structure polytype Blocking Max. R Vo Temp. Ref.(year)
Voltage current (mQ-cm?) (100A/cm?)
pn Junction mesa 6H- 4.5kV 80mA 6V Kordina (1995)
Diode 4H- 3.4kV 6V K.Rottner (1997)
mesa 100ume 4H- 5.5kV 10mA 5.4V Singh (1998)
planer 1mm? 3.0kV 2A 3.6V
mesa 6H- 2.0kV Neudeck (1994)
SBD 1.0mme 3.0kV 1A 30 7.1V
1.2mm? 4H- 1.2kV 2.5A 1.05Vv Milehner (1997)
7mm? 1.0kV 6.0A 1.4v
300umo 4H- 3.0kV 70mA 34 Kimoto (1997)
Imme 4H- 2.1kV 1A Kimoto (1997)
4H- 1.4kV 15 Alok (1994)
4H- 1.0kV 2 Raghunathan (1995)
4H- 800V 1.4 Itoh (1995)
230uma@ 6H-p 540V 70 2500 Raghunathan (1997)
230uma@ 4H-p 600V 25 2500 Raghunathan (1997)
4H- >1.0kV 8 1.76V 3000 Saxena (1997)
JBSD 4H- 1.4kV 19 3.1V Dahlquist (1997)
6H- 1.1kV 43 5V -do-
MOSFET UMOS 6H- 50V 38 Palmour (1993)
4H- 170V 2 13.2 Palmour (1995)
4H- 260V 0.1 18 Palmour (1995)
4H- 1.4kV 74(1000) 1000 Agarwal (1997)
(EC-FET) 4H- 450V 10.4 Hara (1997)
(ACCUFET) 4H- 350V 25 Melloch (1998)
DMOS 750V 125 Shenoy (1996)
900V Agarwal (1997)
1.1kV Casady (1997)
planerACCUFET6H 350V 18 4V(2800A/cm?) Shenoy (1997)
LDMOS 2.6kV 1550 Spitz (1997)
JFET Implanted-gate-n6H 4000 Sheppard (1997)
Buried-gate 6H 700V 60mA lvanov (1997)
SIT buried p-SIT  4H- 1.0kV 10
4H- 350V Siergie (1995)
Thyristor 4H- 900V 2A Palmour (1996)
4H- 700V 6A 0.8 3.7 V(1000A/cm?) Palmour (1996)
4H- 400V 4V (2800A/cm?) Levinshtein (1997)
GTO 500V 1.5A 8V(500A/cm?) Agarwal (1996)
600V 4A 11.5V(1600A/cm?) Casady (1997)
4H- 700V Seshadri (1997)
4H- 1.0kV 1A(260x 260mm?)3.5V(1000A/cm?) Casady (1997)
4H- 700V (680 mme) Casady (1997)
4H- 600V 4A Agarwal (1997)
IGBT (simulation) Rammugul (1996)
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Table 4 Specification and structures of high-frequency power devices.

Semicond. Device f, fow Power density Output power  Ref.(year)

structure

Si MOSFET CW100W(800MHz)

BJT 20W(2GHz)

GaAs MESFET 40W(3GHz)

20W(20GHz)
0.1W(90GHz)

SiC MESFET (£,=0.7um) (n=540) 15W(2.1GHz) Allen (1997)
((!g:0.45;1m) 2.1W/mm(7GHz) - do -
22GHz 50GHz - do -

42GHz 3.1W/mm(850MHz) Moore (1997)
10GHz 25GHz 6H Sriram (1994)
13.2GHz 42GHz 2.8W/mm(2.8GHz) Sriram (1996)
6GHz 20GHz 0.5W/mm 300mA/mm Noblanc (1997)
SIT 4GHz 1.2W/mm(500MHz) 225W Siergiej (1995)
JFET 7.3GHz 9.2GHz 1.3W/mm(850MHz) Weitzel (1996)
Nitrides MESFET 17GHz g,=20mS/mm Binari (1994)
HFET 4GHz g,=27mS/mm Khan (1995)
MODFET 77.5GHz Burm (1996)
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28GHz 40GHz Nguyen (1997)
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