
Poster Session VI 
 
Comparison of 4H SiC pn, Pinch and Schottky Diodes for the 3 kV Range  
D. Peters, P. Friedrichs, R. Schöner, D. Stephani 
SiCED Electric Development Ltd., Germany 
 
Nanoscale Electrical Characterization of 3C-SiC Layers by Conductive Atomic 
Force Microscopy 
L. Zhang, A. Yahata, T. Shinohe 
Toshiba Corporation, Japan 
 
A JBS Diode with Surge Current Capability and Controlled forward Temperature 
Coefficient  
E. Dahlquist[1,2], H. Lendenmann[1], M. Östling[2] 
[1]ABB Corporate Reserch, Sweden; [2]KTH, Sweden 
 
Elastic and Vibrational Properties of Single-Crystal SiC as a Function of 
Temperature and Pressure 
M. H. Manghnani, V. Askarpour, V. Vijayakumar 
University of Hawaii, USA 
 
Incorporation of Boron and the Role of Nitrogen as a Compensation Source in Bulk 
Crystal Growth 
M. Bickermann, R. Weingärtner, D. Hofmann, T. L. Straubinger, A. Winnacker 
Universität Erlangen-Nürnberg, Germany 
 
New and Improved Quantitative Characterization of SiC Using SIMS  
L. Wang, D. B. Sams, A. Wang, M. Yang 
Charles Evans and Associates, USA 
 
Characterization of SiC Epitaxial Wafers by Photoluminescence under Deep UV 
Excitation  
M. Tajima[1], M. Tanaka[1,2], N. Hoshino[1] 
[1]Institute of Space and Astronautical Science, Japan; [2]Science University of Tokyo, 
Japan 
 
Direct Synthesis and Growth of SiC Single Crystal from Ultrafine Particle 
Precursor  
Y. Yamada, K. Sagawa 
Nippon Pillar Packing Co., Ltd., Japan 
 
Ultrafast Electron Relaxation Processes in SiC  
T. Tomita[1], S. Saito[1], T. Suemoto[1], H. Harima[2], S. Nakashima[3] 
[1]University of Tokyo, Japan; [2]Kyoto Institute of Technology, Japan; [3]National 
Institute of Advanced Industrial Science and Technology, Japan 
 



Optimized P-Well Profile Preventing from Punch-through for 4H-SiC Power 
MOSFETs  
Y. Shimoida, S. Kaneko, H. Tanaka, M. Hoshi 
Nissan Motor Co., Ltd., Japan 
 
Compatibility of VJFET Technology to MESFET Fabrication and Its Interest to 
System Integration: Fabrication of 6H and 4H-SiC 110 V Lateral 
MESFET 
D. Tournier[1,2], D. Planson[1], J. P. Chante[1], P. Godignon[2], J. Montserr[2], F. 
Sarrus[3] 
[1]INSA-Lyon, France; [2]Campus Universidad de Barcelona, Spain; [3]Ferraz 
Shawmut, France 
 
Influence of Gate Finger Width on RF Characteristics of 4H-SiC MESFET  
M. Arai, H. Honda, M. Ogata, H. Sawazaki, S. Ono 
New Japan Radio Co., Ltd., Japan 
 
Traveling Self-confined-solvent Method: A Novel LPE Growth of 6H-SiC  
Y. Asaoka, M. Hiramoto, N. Sano, T. Kaneko 
Kwansei Gakuin University, Japan 
 
Optical and Electrical Characterization of Free Standing 3C-SiC Films Grown on 
Undulant 6-inch Si Substrates  
T. Yamada, K. M. Itoh 
Keio University, Japan 
 
Study on Metamorphosing Top Si Layer of SOI Wafer into 3C-SiC Using 
Conventional Electric Furnace  
S. Hirai[1], F. Jobe[1], M. Nakao[2], K. Izumi[2] 
[1]Hosiden Corporation, Japan; [2]Osaka Prefecture University, Japan 
 
Radiation Response of 6H-SiC MOSFETs Fabricated Using Pyrogenic Condition  
K. K. Lee, T. Ohshima, H. Itoh 
Japan Atomic Research Institute, Japan 
 
Electrical Properties of 4H-SiC Thin Films Reactively Ion-Etched in SF 6 /O 2 
Plasma  
B. S. Kim, J. K. Jeong, M. Y. Um, H. J. Na, I. B. Song, H. J. Kim 
Seoul National University, Korea 
 
 
Influence of Excited States of Deep Acceptors on Hole Concentration in SiC  
H. Matsuura 
Osaka Electro-Communication University, Japan 
 



Aluminium Nitride Bulk Crystals by Sublimation Method: Growth and X-ray 
Characterization  
S. I. Dorozhkin, A. O. Lebedev, A. Y. Maximov, Y. M. Tairov 
State Electrotechnical University of St.-Petersburg (LETI), Russia 
 
Electronic Structure of the UD3 Defect in 4H and 6H SiC  
M. Wagner[1], B. Magnusson[1,2], W. M. Chen[1], E. Janzén[1] 
[1]Linköping University, Sweden; [2]Okmetic AB, Sweden 
 
Fabrication of 4H-SiC Planar MESFETs Having Low Contact Resistance  
H. J. Na[1,3], K. Adachi[1,3], N. Kiritani[2,3], S. Tanimoto[2,3], H. Okushi[1,3] 
[1]National Institute of Advanced Industrial Science and Technology, Japan; [2]R&D 
Association for Future Electron Devices, Japan; [3]Ultra-Low-Loss Power Device 
Technology Research Body, Japan 
 
Homoepitaxial Growth of 4H-SiC Thin Film below 1000°C by Microwave Plasma 
Chemical Vapor Deposition  
M. Okamoto[1,3], R. Kosugi[1,3], Y. Tanaka[1,3], D. Takeuchi[1,3], S. 
Nakashima[1,2,3], S. Nishizawa[1,3], K. Fukuda[1,3], H. Okushi[1,3], K. Arai[1,3] 
[1]National Institute of Advanced Industrial Science and Technology, Japan; [2]R&D 
Association for Future Devices, Japan; [3]Ultra-Low-Loss Power Device Technology 
Research Body, Japan 
 
Reduced Micropipe Density in Boule-derived 6H-SiC Substrates via H Etching of 
Seed Crystals  
S. E. Saddow[1], T. Elkington[2], M. C. D. Smith[3] 
[1]University of South Florida, USA; [2]II-VI Inc., USA; [3]Mississippi State University, 
USA 
 
X-ray Photoelectron Spectroscopy Studies of Post Oxidation Process Effects on 
Oxide/SiC Interfaces 
Y. Hijikata[1], H. Yaguchi[1], M. Yoshikawa[2], S. Yoshida[1] 
[1]Saitama University, Japan; [2]Japan Atomic Energy Research Institute, Japan 
 
Replication of Defect from 4H-SiC Wafer to Epitaxial Layer  
T. Ohno[1,3], H. Yamaguchi[2,3], K. Kojima[1,2,3], J. Nishio[1,3], K. Masahara[1,3], Y. 
Ishida[2,3], T. Takahashi[2,3], T. Suzuki[1,3], S. Yoshida[2,3] 
[1]R&D Association for Future Electron Devices, Japan; [2]National Institute of 
Advanced Industrial Science and Technology, Japan; [3]Ultra-Low-Loss Power Device 
Technology Research Body, Japan 
 
Simulation of High-Temperature SiC Epitaxial Growth Using Vertical, Quasi-Hot-
Wall CVD Reactor  
M. Hasegawa[1,3], K. Masahara[1,3], Y. Ishida[2,3], T. Takahashi[2,3], T. Ohno[1,3], J. 
Nishio[1,3], T. Suzuki[1,3], T. Tanaka[1,3], S. Yoshida[2,3], K. Arai[2,3] 



[1]R&D Association for Future Electron Devices, Japan; [2]National Institute of 
Advanced Industrial Science and Technology, Japan; [3]Ultra-Low-Loss Power Device 
Technology Research Body, Japan 
 
Homoepitaxial Growth of Cubic Silicon Carbide by Sublimation Epitaxy  
T. Furusho, Y. Okui, S. Ohshima, S. Nishino 
Kyoto Institute of Technology, Japan 
 
Electron-irradiation-induced Amorphization in 6H-SiC by 300 keV Transmission 
Electron Microscopy Equipped with a Field-emission Gun  
I.-T. Bae, M. Ishimaru, Y. Hirotsu 
Osaka University, Japan 
 
Observation of 2 inch SiC Wafer by SWBXT at SPring-8  
M. Sasaki[1], A. Hirai[1], T. Miyanagi[1], T. Furusho[1], T. Nishiguchi[1], H. Shiomi[2], 
S. Nishino[1] 
[1]Kyoto Institute of Technology, Japan; [2]SiXon Ltd., Japan 
 
Adsorbate Effects of the Surface Structure of 6H-SiC( 0001)√3 x√3R30°  
T. Aoyama[1], Y. Hisada[2], S. Mukainakano[2], A. Ichimiya[1] 
[1]Nagoya University, Japan; [2]DENSO Corporation, Japan 
 
Annealing Kinetics of the Implantation-Induced Amorphous Layer in 6H-SiC(0001)  
T. Nakamura, S. Matsumoto, T. Horibe, M. Satoh 
Hosei University, Japan 
 
4H-SiC Schottky Diodes with High On/Off Current Ratio  
K. Vassilevski[1,2], A. B. Horsfall[1], M. Johnson[1], N. G. Wright[1], A. G. O’Neill[1] 
[1]University of Newcastle upon Tyne, UK; [2]Ioffe Institute, Russia 
 
Characteristics of MESFETs Made by Ion-Implantation in Bulk Semi-Insulating 
4H-SiC  
S. Mitra[1], M. V. Rao[1], N. Papanicolaou[2], K. Jones[3] 
[1]George Mason University, USA; [2]Naval Research Laboratory, USA; [3]Army 
Research Laboratory, USA 
 
Epitaxial Growth of (11-20) 4H-SiC Using Substrate Grown in the [11-20] Direction  
K. Kojima[1,2,3], T. Ohno[1,3], J. Senzaki[2,3], K. Fukuda[2,3], T. Fujimoto[1,3], M. 
Katsuno[1,3], N. Ohtani[1,3], K. Masahara[1,3], Y. Ishida[2,3], 
T. Takahashi[2,3] 
[1]R&D Association for Future Electron Devices, Japan; 
[2]National Institute of Advanced Industrial Science and Technology, Japan; [3]Ultra-
Low-Loss Power Device Technology Research Body, Japan 
 
Improvement of SiO 2 / a a-SiC Interface Properties by Nitorogen Radical 
Tereatment  



Y. Maeyama, H. Yano, T. Hatayama, Y. Uraoka, T. Fuyuki 
Nara Institute of Science and Technology, Japan 
 
Effects of Surface Treatments of 6H-SiC upon Metal-SiC Interfaces  
K. Abe, M. Sumitomo, T. Sumi, O. Eryu, K. Nakashima 
Nagoya Institute of Technology, Japan 
 
Hot Wall CVD Growth of 4H-SiC Using Si 2 Cl 6 1 C 3 H 8 1H 2 System  
T. Miyanagi, S. Nishino 
Kyoto Institute of Technology, Japan 
 
Spatial Mapping of the Carrier Concentration and Mobility in SiC Wafers by Micro 
Fourier-Transform Infrared Spectroscopy  
H. Yaguchi[1], K. Narita[1], Y. Hijikata[1], S. Yoshida[1,2,4], S. Nakashima[2,3,4], N. 
Oyanagi[3,4] 
[1]Saitama University, Japan; [2]National Institute of Advanced Industrial Science and 
Technology, Japan; [3]R&D Association for Future Electron Devices, Japan; 
[4]Ultra-Low-Loss Power Device Technology Research Body, Japan 
 
Characterization of Inclusions in SiC Bulk Crystals Grown by Modified Lely 
Method  
F. Hirose[1,3], Y. Kitou[1,3], N. Oyanagi[1,3], T. Kato[2,3], S. Nishizawa[2,3], K. 
Arai[2,3] 
[1]R&D Association for Future Electoron Devices, Japan; [2]National Institute of 
Advanced Industrial Science and Technology, Japan; [3]Ultra-Low-Loss Power Device 
Technology Research Body, Japan 
 
Temperature Dependence of Sublimation Growth of 6H-SiC on (112 – 0) Substrates  
T. Nishiguchi, Y. Masuda, S. Ohshima, S. Nishino 
Kyoto Institute of Technology, Japan 
 
Vapor Phase Epitaxial Growth of n-Type SiC Using Phosphine as the Precursor  
R. Wang, I. Bhat, P. Chow 
Rensselaer Polytechnic Institute, USA 
 
A Simple Mapping Method of Elementary Screw Dislocations in Low-Doped 
Hexagonal SiC Epitaxial Layers  
S. Ha[1], W. M. Vetter[2], M. Dudley[2], M. Skowronski[1] 
[1]Carnegie Mellon University, USA; [2]State University of New York at Stony Brook, 
USA 
 
Power Schottky and p-n Diodes on SiC Epi Wafers with Reduced Micropipe Density  
A. Syrkin[1], V. Dmitriev[1], R. Yakimova[2,4], A. Henry[3], E. Janzén[3,4] 
[1]Technologies and Devices International Inc., USA; [2]North Carolina State 
University, USA; [3]Okmetic AB, Sweden; [4]Linköping University, Sweden 
 



Oxidation-Induced Crystallographic Transformation in Heavily n-Doped 4H-SiC 
Wafers  
B. J. Skromme[1], K. C. Palle[1], C. D. Poweleit[1], W. M. Vetter[2], M. Dudley[2], K. 
Moore[3], T. Gehoski[3] 
[1]Arizona State University, USA; [2]State University of New York at Stony Brook, USA; 
[3]Motorola Inc., USA 
 
Observation of Planer Defects in 2 inch SiC Wafer 
H. Tanaka, T. Nishiguchi, M. Sasaki, S. Nishino 
Kyoto Institute of Technology, Japan 
 
The Investigations of 4H-SiC/SiO 2 Interfaces by Optical and Electrical 
Measurements  
Y. Ishida[1], T. Takahashi[1], H. Okumura[1], T. Jikimoto[2], H. Tsuchida[2], M. 
Yoshikawa[3], Y. Tomioka[4], M. Midorika[4], Y. Hijika[4], S. Yoshida[1,4] 
[1]National Institute of Advanced Industrial Science and Technology, Japan; [2]Central 
Research Institute of Electric Power Industry, Japan; [3]Japan Atomic Energy Research 
Institute, Japan; [4]Saitama University, Japan 
 
Growth and Characterization of Three-Dimensional SiC Nanostructures on Si  
V. Cimalla, K. Zekentes 
Foundation for Research and Technology Hellas, Greece 
 
Characterization of 2 inch as Grown SiC Bulk by SWBXT at SPring-8  
M. Sasaki[1], A. Hirai[1], T. Miyanagi[1], T. Furusho[1], T. Nishiguchi[1], H. Shiomi[2], 
S. Nishino[1] 
[1]Kyoto Institute of Technology, Japan; [2]SiXON Ltd., Japan 
 
The Neutral Silicon Vacancy in SiC: Ligand Hyperfine Interaction  
M. Wagner[1], N. Q. Thinh[1], N. T. Son[1], P. G. Baranov[2], E. N. Mokhov[2], C. 
Hallin[1], W. M. Chen[1], E. Janzén[1] 
[1]Linköping University, Sweden; [2]A. F. Ioffe Physico-Technical Institutes, Russia 
 
The Deep Boron Level in High Voltage Pin Diodes 
D. Åberg[1,2], A. Hallén[1], J. Österman[1], U. Zimmerman[1], B. G. Svensson[1,3] 
[1]Royal Institute of Technology, IMIT, Sweden; [2]Mälardalens Högskola, Sweden; 
[3]Oslo University, Norway 
 
Growth of AlN Films by Hot-Wall CVD and Sublimation Techniques: Effect of 
Growth Cell Pressure  
A. R. Kakanakova-Georgieva, U. Forsberg, Y. Magnusson, 
R. Yakimova, E. Janzén 
Linköping University, Sweden 
 
A Method of Reducing Micropipe Using Metal Mask by the Sublimation Growth  
N. Oyanagi[1,3], S. Nishizawa[2,3], K. Arai[2,3] 



[1]R&D Association for Future Electron Devices, Japan; [2]National Institute of 
Advanced Industrial Science and Technology, Japan; [3]Ultra-Low-Loss Power Device 
Technology Research Body, Japan 
 
Atomic Steps Observation on 6H and 15R-SiC Polished Surface  
P. Vicente[1,2], E. Pornot[3], D. Chaussende[1,3], J. Camassel[2] 
[1]NOVASiC, France; [2]Université Montpellier II, France; [3]Laboratoire des 
Matériaux et du Génie Physique, France 
 
CVD SiC Powder for High Purity SiC Source Material  
S. Ezaki[1], M. Saito[2], K. Ishino[3] 
[1]Mitsui Engineering & Shipbuilding Co., Ltd., Japan; [2]Admap Inc., Japan; 
[3]Pacific Rundum Co., Ltd., Japan 
 
PLD BN as an Annealing Cap for Ion Implanted SiC 
S. Stafford[1], L. B. Ruppalt[1], D. Yuan[1], R. D. Vispute[1], T. Venkatesan[1], R. P. 
Sharma[1], K. A. Jones[2], M. H. Ervin[2], K. W. Kirchner[2], T. S. Zheleva[2], 
M. C. Wood[2], B. R. Geil[2], E. Forsythe[2] 
[1]University of Maryland, USA; [2]Army Reserch Lab., USA 
 
Growth Characteristics of SiC in a Hot-Wall CVD Reactor with Rotation  
J. Zhang, U. Forsberg, M. Isacson, A. Ellison, A. Henry, O. Kordina, E. Janzén 
Linköping University, Sweden 
 
On Shallow Interface States in n-Type 4H-SiC Metal-Oxide-Semiconductor 
Structures  
H. Ö. Ólafssou, F. Allerstam, E. Ö. Sveinbjörnsson 
Chalmers University of Technology, Sweden 
 
The Effect of CVD Growth on Warp of SiC Wafers 
K. Nakayama[1], Y. Miyanagi[1], K. Maruyama[1], Y. Okamoto[1], H. Shiomi[1], S. 
Nishino[2] 
[1]SiXON Ltd., Japan, [2]Kyoto Institute of Technology, Japan 
 
Infrared Investigation of Implantation Damage in 6H-SiC  
J. Camassel[1], H. Y. Wang[1], J. Pernot[1], P. Godignon[2], N. Mestres[3] 
[1]GES, UM2 “Sciences Techniques” and-CNRS, France; 
[2]CNM-Barcelona, Spain; [3]ICMa-Barcelona, Spain 
 
TCAD Optimisation of 4H-SiC Channel Doped MOSFET with p-Polysilicon Gate  
K. Adachi[1,2,4], C. M. Johnson[2], K. Arai[1,4], K. Fukuda[1,4], T. Shinohe[3,4] 
[1]National Institute of Advanced Industrial Science and Technology, Japan; 
[2]University of Newcastle, UK; [3]R&D Association for Future Electron Devices, 
Japan; [4]Ultra-Low-Loss Power Device Technology Research Body, Japan 
 



Theory of Super-Junction Structure forward Chracteristics in Comparison of 4H-
SiC and Si 
K. Adachi[1,2,5], C. M. Johnson[2], H. Ohashi[3],  T. Shinohe[4,5], K. Kinoshita[3], K. 
Arai[1,5] 
[1]National Institute of Advanced Industrial Science and Technology, Japan; 
[2]University of Newcastle, UK; [3]Toshiba Corporation, Japan; [4]R&D Association 
for Future Electron Devices, Japan; [5]Ultra-Low-Loss Power Device Technology 
Research Body, Japan 
 



T**h~i*~1 Dig"*t ~fl~t'l conf ~~ SiC ~~dR.iat.d M~t..i~is JcscRM2001-.T*~k~b~. J~p"", 200] MoP-58
(Late News)

Comparisonof 4HSiC pn, Pinch and Schottky Diodes for the 3kVRange
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This paper investigates the static and dynamicperformance of 4HSiC pn, pinch and
Schottky diodes designed for 3kV, with identical active area (1 .O mm2)and prepared
on the samewafer in order to reduce technological fluctuations. The p+ emitters are
Al implanted (2xl019 cm~3) covering the full anode area in case of the pn diode
whereaspatterned in 4.5 Hmp' squares of equal distance for the pinch diode (see
Fig. I ). Thegrid area in betweenthese p' squares forms a Schottky contact (ideality

1.05). Both kinds of contacts are simply prepared with the samecontact material.

The Schottky diodes are equipped with or without a surrounding p+-ring covering
20'/• of the anodearea, respectively

Results: All diode types block 3kV (Fig. 2). The Schottky diodes exhibit the highest
leakage current, the pn diodes the lowest. Thepinch diodes are situated in between
since the p regions reduce the field strength at the Schottky contact. Avalanche
breakdownoccurs at 3.7 kV but is overiapped by the higher leakage through the
Schottky barrier in case of pinch and Schottky diodes. In context with the reverse
and forward characteristics (Fig. 3) the pinch diode turns out to be the best choice

• In normal operation (forward current IF ~2A) its voltage drop is less than that of

the pn diode, similar to the Schottky diode and comparable to ultrafast silicon

diodes. Thevoltage drop is hardly effected by the reduced Schottky area
• The progressive IV characteristics even at high currents (IF >2A) improve the

pinch diode's inrush current stability. Please note the contrast to the (normal)
Schottky diode without any p+ region.

• Turn-on and turn-off experiments showthe dynamic behavior to be Schottky like

with very little influence of the storage charge and a recovery time of 30 ns

~) b) .)

~

Fig. 1, Cross section ofa) pn, b) pinch c) Schottky diode andd) pinch diode cell layout.
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Conductive Atomic Force Microscopy
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Although a great deal of workhas beendoneon 3C-SiC epitaxial growth, high voltage device

fabrication has yet to be successfully performed. Wefabricated Schottky diodes on n-/n+

3C-SiC Iayers grownon undulated (IOO)Si substrates, but obtained ohmic I- Vcharacteristics.

To understand the mechanism,wesimultaneously canied out topography and conductivity

measurementon the 3C-SiC films by using conductive atomic force microscopy (C-AFM).
The C-AFMmeasurementswere carried out in the contact modewith a Au-coated Si3N4

probe, where the conductive probe serves as a nanoscale electrode. Thecurrent measurement

was carried out with a forward bias of the Schottky junction applied across the sample and
the probe; therefore the current image reflects the local conductivity distribution and the

Schottky barrier information. Examplesof simultaneously obtained topography and'current

imagesare shownin Fig. I(a) and (b), respectively Thesample is forwardly biased at -2.2 V.

TheAFMtopography (a) showsseveral faceted planes encountered at edges, with an RMSof

4.62 um. The current image (b) shows localized distribution with highly conducting sites

existed corresponding to the edges or crystalline boundaries of the topographic image,

whereasother areas showalmost uniform current level reflecting Schottky characteristics. It

is clarified that the Schottky barrier is obtained on most area of the film, the exceptions being

someohmic leak sites due to topographic factors, crystalline defects or/and roughness.

Films with improved smoothnesswere also investigated and the ohmic sites decreased but

leaky points still existed. It is revealed that the crystalline defects account for the highly

conducting sites, which consequently caused macroohnric characteristics. It is also proven
that C-AFMis an effective tool for microscopic characterization.

Fig. 1
(a) 4umX4um,

to pographic

image,

(b) current

image,

bias V= -2.2V.
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temperature coefficient
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TheJunction Barrier Schottky (JBS) diode in SiC is

a compotitor to both Si PiN diodes and SiC
Schottky diodes in the 600-3300Vblocking voltage

range. JBS diodes according to Figure I were
processed on wafers with epitaxial layer designs for

1500-3300V. In a trade-off comparison of several

designs with SiC Schottky diodes the JBS diode

concept shows significant advantages in blocking
voltage, blocking yield, forward temperature
coefficient and surge current. These will bc
discussed in this contribution.

For blocking voltages up to 1700V, negative

forward voltage temperature coefficients were
measuredat current densities of about 100A/cm2

for Schottky diodes for a ATof 125-30 'C=95 'C
(Figure 2). In this case the negative temporature
dependence in the Schottky contact voltage drop
dominates since the drifi resistance (with an
inherent positive temperature coefficient) is

comparatively small (3 mOhmcm2).For paralleling

and packaging of devices a positive temperature
coefficient is desired in order to have uniform

current sharing. In this paper we show how the

inflexion point where the temperature coefficient

changesfrom negative to positive can be controlled

in the JBSdiode, thereby giving an advantage in

specifying operating current density. It is the

resistive contribution from the p+ grid that lowers

the current density inflexion point. In Figure 3
experimental results for the inflexion points are

shownfor a Schottky diode in comparison with JBS
diodes with different p+ grid dimensions (Schottky

spacing of either 4umor 6um). The increase in

Fig, I Schematic cross-section of aJBSdiode

structure
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Fig. 2Semi-log forward characteristics plot of an
l 100VSchottky diode for temporatures 303K-
498K,

forward voltage due to the grid resistance is

justified by the fact that higher blocking voltages

are reached for the JBSdiodes (1500V compared
to I100V for the Schottky devices on the same
epi). This results in a moreaggressive epi design in

the JBSdiode comparedto the Schottky offsetting

the added grid resistance. The better blocking

behavior giving this lower 'on-state loss and the

forward temperature coefficient optimization will

bc further discussed at the conference.

Surge current capability, i.e., that the device can
sustain very high current pulses without damage,is

another important issue in most diode applications.

The JBS diode would show better high current

characteristics than a Schottky diode if the p+ grid
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Fig. 3Forward characteristics at 30'C (solid lines)

and 125'C (dashed lines) showing the changefrom
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ElaStic andVibrational Properties of Single-CryStal SiC

as a Function of TemperatureandPressure

Murli H. Manhnani, Vahid Askarpour andV. Vijayakumar

University ofHawaii
Hawaii Institute of GeophysicsandPlanetology

School of OceanandEarth Science andTechnology
Honolulu, Hawaii 96822, USA

Wereport here the first measurementsof the five single-crystal elastic constants (Cll, C33,

C44, C12 and C13) for ot-SiC (hexagonal, P63mc symmetry) to 1000'C, using Brillouin light

scattering technique. The results are in excellent agreementwith theoretical prediction of the

dCij/dT values reported by Li and Bradt (1987). The isotropic moduli and their temperature

dependences, deduced from the single-crystal elastic data from Brillouin spectroscopy, are

compared with the high-precision ultrasonic measurementson fully dense polycrystalline

specimens of oe-SiC and ~-SiC (synthesized by CVDprocess). Except for shear moduli, the

elastic moduli and their temperature derivatives for P-SiC measuredto - 900'C, are higher than

those for both single-crystal andpolycrystalline specimensof ce-SiC.

The pressure dependences of bulk and shear moduli of polycrystalline ot and pSiC

composites, determined by ultrasonic interferometry to 2GPa, are reported. The results are in

goodagreementwith high-pressure x-ray diffraction measurementsin a diamond-anvil cell to 50

GPa. The Ramanscattering measurementson 4Hand 6H were madeto 32 GPa. The linear

positive pressure dependencesof Ramanshift for the TOandLOmodesin the high wavenumber

region (770 - 974 cm~1) and corresponding mode-Grtineisen parameters, calculated from yi = -

(alnvi)/(a InV), are in good agreement with previous studies. In contrast, the pressure

dependencesof the low-lying TAand LAmodesin (lOO - 270 cm-1 range), are mostly negative

(especially for the 4Htype), resulting in lower averaged values of the Gruneisen parameter (0.6).

Implication of this is discussed in light of the different elastic properties and compressional

behavior in the 6Hand4Hpolytypes.
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Incorporation of Boronand the Role of Nitrogen as a
CompensationSource in SiC Bulk Crystal Growth

M. Bickermann*, R. Weingtrtner, D. Hofmann,T.L. Straubinger, A. Winnacker

DepartmentofMaterials Science 6, University of Erlangen-Nurnberg,
Martensstr. 7, D-91058Erlangen, Germany,
phone..' +49-(O)9131-85-27730, fax: +49-(O)9131-85-28495

e-mail,' matthias. bickermann@ww.uni-erl angen.de

P-type doping during PVTgrowth of bulk SiC is a difficult task because of the lack of a
suitable gaseous doping source. Despite recent efforts to solve this problem by applying an
additional gas flow where the dopant can be introduced directly into the growth chamber[I],

still the most favorable technique implies adding solid sources to the starting material. For
example, adding boron carbide to the SiC powdersource leads to p-type material with charge
carrier concentrations pup to 1016 cm~3[2]. This maybe used for compensation with a deep
donor level like vanadium to obtain semi-insulating behavior [3]. Therefore dopant
incorporation homogeneity is crucial, i.e. the concentration NA-NDshould not vary
throughout the crystal

.

From previous experiments it is known that nominally undoped crystals exhibit n-type

behavior originating from nitrogen as residual impurity. The nitrogen content in the crystal

wasmeasuredto be ND= 2x 1018 cm~3at the beginning and below ND= I x 1017 cm~3at the

end of growth, Ieading to charge carrier concentrations at 293 Kas low as n = 8x 10 cm~3.15

Several SiC crystals were grown with different boron concentrations in the source and with

different polarity of the seed. Boron is incorporated with a transfer coefficient (ratio of B
content in the top of the crystal to initial Bcontent in the source) of about 0.22 for growth on
the silicon face and about 0.1 for growth on the carbon face. Chemical analysis shows that

during growth the Bcontent in the source slowly depletes, while the Bcontent in the crystal

roughly remains constant. At the end of growth, the Bconcentration in the source is virtually

the sameas in the crystal. As a result, boron incorporation is segregation-related.

Theconcentrations of boron acceptors and compensatingdonors were investigated using Hall

effect measurementsat 120.
.

.700 K. Solving the charge carrier neutrality equation. NAand

NDWere determined in dependenceof the growth time for SiC crystals doped with B of

various amounts. NAremains constant during growth, while NDStrongly decreases. Detailed

analysis showsthat, especially for low compensation (NA/ND~~ lO), the onset of the freeze-out

range strongly dependson ND, which in turn leads to an almost exponential rise of the hole

concentration with growth time, even though NA-NDremains constant.

As a conclusion, boron is incorporated homogeneouslyinto SiC whenaddedas a solid source,

but nitrogen contamination strongly influences the charge carrier concentration below 300 K.

To achieve high homogeneity of NA-ND,nnpurity control is decisive especially for low-

doped growth. Finally, a decrease in the hole concentration around faceted areas, which is

observed in p-type SiC growth, is found to be related to the step height on the growth surface.

Amodel for the dopant incorporation on different step heights is proposed.

[I] T.L.Straubinger, P.J.Wellmann et al., oral presentation #72 at the conference

[2] M.Bickermannet al., Journal of Crystal Growth233 (2001) 211
[3] M.Bickermannet al., oral presentation #79 at the conference
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NewandImprovedQuantitative Characterization of SiC using SIMS

Larr Wan,
David B. Sams,Alice WangandM. H. Yang
Charles Evansand Associates

81OKifer Road, Sunnyvale, CA94086
Phone: 408-530-3818 Fax: 408-530-3501 email : Iwang@cea.com

SiC is a very important material for high-power, high-temperature, and high-radiation devices.

Dramatic progress in SiC power transistors, LEDs, and sensors have madeit imperative to
accurately control the dopant and impurity levels. Dueto its unique capabilities of high detection
sensitivity for a variety of elements under depth profiling mode, Secondary lon Mass
Spectrometry (SIMS) is an essential tool for characterization of dopants and impurities in SiC
material.

Over the past few years, we have madesignificant progress performing quantitative SIMS
analysis for dopants and impurities in SiC with high sensitivity, excellent depth resolution and
long team reproducibility. In this paper, wewill present our development in the following areas:

(1)Analysis of Nwith much improved precision: A
newNanalysis technique wasdeveloped by monitoring Analy~i~ ot N~ith ~ewtech~ique

atomic ions of nitrogen. This newtechnique provides

a much improved precision and depth resolution at

reasonable detection limit (see figure).

(2) Improvementofdetection limits: Wehave modified ~
the hardware on our commercial SIMSinstruments.

Weare nowable to achieve detection limits of 2el3
at/cm3 for B and A1, and lel6 at/cm3 for N,
routinely. This represents an improvementof 5tolO

over the "typical" detection limits obtained on a
SIMSinstrument. Wehave also developed a newa
analytical protocol for transition metals. For example,

weare able to achieve detection limit of 2el4 at/cm3 for

Fe and 5el3 at/cm3 for Cr - a factor of 10
improvementover what can be achieved a few years ago.

"=""

(3) Surface contamination analysis: Wehave developed newprotocols to provide accurate
surface contamination measurementon SiC surfaces.

In addition, wewill present the long term analysis precision studies on N, Band A1analysis.

these analyses are basedon carefully prepared SiC implant standards.
All
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Characterization of SiC Epitaxial Wafers by
Photoluminescenceunder DeepUVExcitation

M. Ta'imal, M. Tanakal,2 and N Hoshmo
llnstitute of Spaceand Astronautical Science, Yoshinodai, Sagamihara229-8510, Japan

2Science University of Tokyo, Kagurazaka, Shinjuku 162-8601
,
Japan

Tel.: +81-42-759-8325, Fax: +81-42-759-8463, E-mail: tajima@pub.isas.ac.jp

Wedemonstrate that photolunainescence (PL) under deep UV light excitation is

advantageous for characterizing thin epitaxial layers of 4H- and6H-SiCcrystals becauseof the

short penetration depth of the light. Weused the 266nmlight from aquadruple YAGIaser as

an excitation source. The penetration depths of the light are about 1.2 and 1.0 umfor 4H-
and 6H-SiC crystals, respectively, which are significantly shorter than the corresponding
values of 7.5 and4.3 umfor the 325 nmlight from aconventional He-Cdlaser [1 J.

Samples were obtained from a commercial source and were heavily dop9edp~on-p 4H-
and6H-SiCepitaxiai wafers with acanier concentration in the range of I x 10 cnr and with

an epitaxial layer thickness of about 5um. Weperformed PLspectroscopy at temperatures
from 4.2 to 295 K, and PLwafer mappingat 295 K. ThePL was excited by a quadruple

YAGandHe-Cdlasers using aback-scattering configuration.
Figure I showsPL spectra of a 4H-SiC epitaxial wafer at 295 K. The spectrum (a),

obtained under the 266nmexcitation from the front surface (the epitaxial layer side), represents
the PLfrom the epitaxial layer. Thenear band-edgeemissions at 3. 20 and 3.00 eVare due to

free exciton and free-to-acceptor (Al) recombination, and the 1.80 eV band has not yet been
identified. Deep-level emission wasbelow our detection limit. In contrast, the spectra (c)

and (d), excited by the 325 and 266 nmlight from the back surface, respectively, are the PL
from the substrate. The 1.80 eVbandand deep-level emission lines at 1.40, 1. 12, 1.06 and
0.97 eVwere observed, while no band-edgeemission appeared. Thesedeep-level emission
Imes havenot yet been identified except for the V-related 0.97 eVIme. Theappearanceof the

band-edgeemission and the disappearance of the deep-level emission in the epitaxial layer and
vice versa in the substrate indicate the superiority of the crystaurne quality of the epitaxial layer.

Thespectrum (b), excited by the 325 nmlight from the front surface, contains both band-edge
and deep-level emissions

,
indicating that the long penetration depth of the 325 nmlight excites

the substrate as well as the epitaxial layer. The 325 nmlight excitation is
,

therefore, not
suitable for the characterization of the epitaxial layer. Essentially the sameresults were
obtained in most epitaxial 4Hand6HSiC wafers

.

Weperformed wafer mappingof the intensity of the respective PL Iines
.

The I .
80 eV

band from the substrate shows a circular pattern, which webelieve originates from the facet

growth. A similar pattern was
observed in the deep-level

,:

5
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Fig. I .
PL spectra of p-on-p 4H-SiC epitaxial wafer at

295 K.

emissions. The 1.80 eV band
from the epitaxial layer shows a
substantially different pattern
with bright spots in the central

area. An opposite intensity

contrast was observed in the
Theseband-edge emission.

findings suggest that the defects
responsible for the 1.80 eVband
in the epitaxial layer were not
transferred from the substrate but

were generated during the
epitaxial growth.

[1] s. G. srichara et d.:. Mat. sci.

Eng. B61-62, 229 (1999).
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Direct SyntheSiS andgrowih Of SiC Single cryStal

frOmultraflne particle precurSOr

Y.Yamada, K.Sagawa
Nipponpillar packing co.,Itd.

541-1 Utsuba,Shimouchigami.Sandacity,Hyogo pref.,669-1 333 Japan
Tel:0795-67-2 121 Fax:0795-67-2554 E-mail:yamadayo@sannet.ne.jp

In the present study,we tried to grow 6H-SiC single crystals by feeding with SiC nutritious

species which were synthesized on the surface of 6H-SiC seed crystals through carbothermal
reduction of Si02 ultrafine particles by Cultrafine particles, and found that rapid epitaxial

growih ofthe seed crystal happened.
The precursor for SiC synthesis was prepared by compounding Si02 and C of

approximately I to 3molar ratio
.

Si02 source( fumedsilica )andCsource(carbon black) were
mixed and diluted by pure water and ball-milled with polyethylene ball andjar,for longer than
24 hours. The slurry afier milling wasdried and comminutedto fine particles less than 100

umin diameter by ball-milling. Theprepared precursor powderwascharged on the surface of
6H-SiCseed crystal, put on the bottom ofthe graphite crucible with a lid.

Theexperiments to grow the 6H-SiC single crystal in the graphite crucible were conducted
in an electric furnace with graphite heating elements, under Ar ambience of atmospheric

pressure. The crucible was heated up to the target temperature of 2300'-2500'C at the

ramping rate of 30'-40'C/min.and held at the top temperature for 20min.,before the start of
cooling downby switching offthe heater current.

Thephotograph of cross section ofthe single crystal grownat 2300'C is shownin Fig. I .

About 500 umthick layer wasgrownon the seed crystal of 250umthickness. Its morphology
showsa single crystal epitaxially grownon the seed crystal ,regardless of included many
voids and pipes in the grown layer. Fig.2 is a cross sectional view of the single crystal

grown at 2400'C. An apparent difference in numberand size of visible crystal defects,

exists between Fig. I and Fig.2. The thimer grown layer of Fig.2, compared with
Fig.1,implicitly shows that its surface temperature was higher than the sublimation

temperature of SiC single crystal
,

because it had to be fed with a larger amountof SiC
nutritious species, as it wasgrownat higher temperature than in case of Fig. I .

Basedon this result weconcluded that ultrafine particle precursor enabled to growSiC single

crystal at high enoughtemperature exceeding the sublimation temperature of seed crystal.

A
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UltrafaSt electrOn relaxation proceSSeSin SiC

LIQmita, S. Saito, T. Suemoto,H. HarimaA, and S. NakashimaB

Institute for Solid State Physics, University of Tokyo
5- I-5 Kashiwanoha,Kashiwa, Chiba, 277-8581,

Japan

(TEL&FAX:+81-471 -36-3377, E-mail: tomita@issp.u-tokyo.ac.jp)

Faculty ofEngineering andDesign, Kyoto Institute of TechnologyA

Matsugasaki, Sakyo-ku, Kyoto 606-8585, Japan

National Institute ofAdvancedIndustrial Science andTechnology

FED,Adv. PowerDevice Lab. B

1-1-1
,
Umezono,Tsukuba, Ibaraki, 305-8568, Japan

The ultrafast electron relaxation dynamics in SiC is studied by using the pumpand probe

transient absorption technique. It is well knownthat SiC has appreciable absorption band in

the visible region as reported by Biedermann[l]. Theseabsorption bands are ascribed to the

inter-conduction band transition frorn the lowest conduction band. Instead of the valence to

conduction band transition, these inter-conduction band transitions are used to probe the

electrons in the lowest conduction band. The light sources employedin this experiment were

a I kHZ regenerative amplifier (Spectra Physics, Spitfire, 120 fs, 800 nm) and a tunable

wavelength conversion system (SP, OPA800F).The samples used were 6H-SiC and 4H-SiC
single crystals with the faces parallel to the c-axis. The electron doping levels wasabout I .2

XI018cm~3for 6Hand I OXI018cm for 4Hsarnple respectrvely

In 6H-SiC, the bleaching with a time constant of I .25 ps was observed between I .82 and

2.38 eV. The spectral profiles of this bleaching are comparedwith those of Bidermannbands

for each polarization configurations, and this bleaching is ascribed to reflect the decrease of

electron population in the lowest conduction band. The electrons in the lowest conduction

bandare supposedto be excited to the higher conduction band, and are speculated to relax to

the lowest conduction band via inter-conduction band electron-phonon scattering, electron-

electron scattering, and intra-band cooling processes. The observed relaxation time of the

bleaching is concluded to reflect the inter-band scattering time [2]. In 4H-SiC, the sub-

picosecond bleaching and induced absorption are also observed. Probably, this transient

behavior corresponds to the shift and bleaching of Biedermann bands. Wetentatively

assigned the observed relaxation time to the electron-phonon scattering time in 4H-SiC.

[1] E. Biedermann, Solid State Commun.3, 343 (1965)

[2] T. Tomita, S. Saito, T. Suemoto,H. Harima, and S. Nakashima,Appl. Phys. Lett. 79, 1279

(200 1)
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Optimized P-well profile preventing punch-through for 4H-SiCPowerMOSFETS
Yoshio Shimoida, Saichirou Kaneko, Hideaki Tanaka, MasakatsuHoshi

Electronics &Information Technology ResearchLaboratory,

Nissan ResearchCenter, Nissan Motor Co., Ltd

1-banchi, Natsushima-cho, Yokosuka-shi, 237-8523, Japan

Tel: +81-468-67-5183, Fax: +81-468-65-8104, e-mail: -shimoida mail.nissan.co.'

In order for SiC powerMOSFETSto provide high breakdownvoltage, punch-through that

occurs in the P-well must be prevented. For that purpose, it is necessary to form a deep P-

well, but that is hard to accomplish especially in SiC. Moreover, the surface concentration of

the P-well should be at a low level for the channel formation. In this work an attempt was
madeto optimize a retrograde P-well profile. Fig. I shows the 4H-SiC power MOSFETS
structure used. Fig. 2showsthe carrier concentration distributions of the P-well at the dashed

line in Fig. I .
The carrier concentration at a depth of O.8ll mwas high and the surface

concentration was low. The optimized P-well profile was obtained by a 2-dimensional

Gat* ,1**tr*d* numerical simulation with Dessis (ISE-
s~*.* *1*'tr.d*

Gate oxide 500A

Profile in Fig. 2

N+source

Drain electrode

Fig. I Schematic cross-section of SiC-power

MOSFET.Chanuel length=2 /1 m,
N-epi

layer = Iel6 cm~3, 10p m.

IE+18

TCAD).This is the first detailed analysis of

a P-well profile without punch-through. Fig.

3 shows the simulation results for the

reverse blocking characteristics of this

device. Whenthe peak concentration of the

P-well was over 3el7 cm~3, the ideal

avalanche breakdown was obtained even
though the P-well depth wasonly 0.8 ll m.
This result is practical and the device can be

fabricated by normal ion-implantation

techni ques.
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Compatibility of VJFETtechnology to MESFETfabrication and its interest
to system integration : fabrication of 6Hand4H-SiC110VIateral MESFET.

DTournierl,2, P. Godignorf, J.Montserraf DPlanson JPChante F Sarrus

1CEGELYINSA-LYON,UMR5005CNRS,Bat 401, 20 av. Einsteir~ 69621Villeurbanne, France
2 Centro Nacional de Microelectr6nica. Departamentode Sistemas Electr6nicos, Campusuniversidad de
Barcelona, 08193 Bellaterra, Espafia. 3Ferraz Shawmut,rue Vaucanson,69720St Bonnet de mure, Ftance

Introduction : Integration of Powerdevices with their control circuity is a usual challenge in Si and
SiC technologies to increase efficiency of power switch and systems. The pwposeof this article is to
evaluate the integration compatibility of lateral l~3SFETs within a Vertical power JFET fabrication

technology. The interest of this methodis to allow to makecontrol circuitry basedon MESFETdevices to

get both powerdevices and control circuits on the samedie. Several possibilities can be usually foreseen for

the realisation of lateral SiC-MESFET[I], using conductive substrate or semi-insulated wafer. Other
possibilities, more compatible with a vertical power device process, are Pand Nwells formation by ion
implantation to forrn the lateral channel. Thedescription of the fabrication process presented below is a part

of the fabucation process of a VJFETdesigned for high voltage current lirnitation [2]
.

High energy
implantation, RIE etching adjustment and metal contact annealing are the critical steps of the fabrication of
this device, andwill be develope(~ such as electrical characterization of fabricated MESFET

Process fabrication : 6Hand 4HSiC wafers with a N epitaxial layer doping concentration in the

range of 5.l015 clrf3 (15um) from Cree INC were used for the dsvices fabrication. A high energy Al
implantation (2MeV, dose of 1014cnf3 @400'C)has been performed to form the Pburied layer. AN-type
box profile wasformed at the surfiace of the wafer by multiple Nimplantation (9,8.l012 cnf2). Nwas then
implanted (1015cnf2) for contact zones of drain and source. The wafers were annealed at 1700'C/30min. A
deepRIEetching (I,2 um), adjusted in relation with simulated profile of Al implantation [3], wasperformed
to contact the Pburied layer. Across section anda top picture of the fabricated MESFETis presented below

source Gate Drain

N** chaunel

P**, b*ried taye* ~" -
- "

'.~',

Butk Pictnre of the fabricated MESFETElectrical characteristics

Thennal oxidation followed by an oxide deposition was realized to fonn the passivation layer. Ni or W
layers were deposited and then annealed at different temperatures for gate and ohmic contacts. Both dhrnic

and Schottky contacts weresimuleanously realised using one masklevel for metal patteming.

Electrical characterization :
Theextracted contact resitivity is in the range 4,6.1Cr masklevels for metal deposition and patterning

6 ~.cm2 for the Ni 6H-SiC samples (annealing time: should be envisaged. In additior~ on-state current

3min at 900'C) and 7,7.1Cr5 ~.cm2 for the 4H-SiC, density of 300A/cm2@110Vin limitation mode
values in the state of the art [4]

.
The PNrectifier havebeenreached as shownin the figure above.

formed betweenthe Pburied layer and the epitaxial

layer (SourcelBulk) exhibits a blocking voltage [l]Nnsson &al
,

"characterization of SiC MESFETon conducting

around 950V@I l0~3A/cm2 The4H-SiCMESFETs~bstrate",.pl255-pl258, ICSCRM99
' ' [2] v-Jfet tor nv Apphcation ICSCRMOI(to be published),

specific on-resistance is 38m~.cnf in linear region [31 E.Morvan, 'Modelisation de rinlplantation ionique (lans alpha-

and the transconductance is O4mS.mniI
.

This low siC et application a ta conception de eomposantsde puissance". Th
' Doct Lyonlhsta Nat sc Appl 1998298p

value is mainly due to high reverse leakage current [4] J.Crofion, et al.'Tngh temperature ohmic contact to n-type 6H-
of Schottky contact. This is the main point to Sic *sing nicker'. J. Apll.Phys., 1995 vol 77, No3, p 1317 131

improve in the next generation of devices. Two
Conclusion : The full compatibility of MESFETrealisation with VJFETprocess fabrication

technology has been studied and demonstrated. The interest of high energy implantation to form deep
junction is applied to the elaboration of a VJFETand lateral MESFET.Process elaboration of the

ME;SFETwill be developedj such as electrical characterization (ohmic and schottky contact study). Key
points for the amelioration of the performances of the MESFETwill be underlined in the firial paper, as

few technological adaptations will allow to improve characteristics of MESFET
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Influence of GateFinger Width on RFCharacteristics of 4HSiC MESFET
ManabuArai, Hirotake Honda,MakotoOgata, Hiroshi Sawazaki, Shurchi Ono

NewJapanRadio Co.,Ltd. MicrowaveDivision

2-1-1 FukuokaKamifukuokaSaitama, 356-85 10 Japan

Tel: +81 - 492 - 78 - 1477 Fax: +81 - 492 - 78 - 1419 E-mail: marai@njr.co.jp

Conventional mesaisolated SiC MESFETSWith different gate finger width 100, 200,

500, 1000/1 mwere fabricated on epitaxial layers grownon semi-insulating 4H-SiC substrate

purchased from CREEInc. The epitaxial layers consists of a highly doped layer, channel

layer with doping density of 3.O X1017cm~3of 0.25nmthickness and lightly dopedpbuffer

layer. Only one gate electrode of 0.5 !l mlength was drawn on each MESFETSby using

electron beamlithography
.

Figure I shows the gate fmger width dependenceof cutoff frequency (ft) and the

maximumfrequency of operation (fmax). With increasing the gate finger width, cutoff

frequency rose from 4.8GHZto 1IGHz. This improvementwill be causedby reduction of the

influence of extrinsic capacitance of MESFETon cutoff frequency. Becauselager gate finger

width will increase intrinsic gate-source capacitance and transconductance of MESFET,
without increasing extrinsic capacitance generated by connecting pads and lines. Onthe other

hand, the value of fmaxwasdecreased with increasing the gate finger width. Increasing input

losses due to the large gate resistance will cause this decline.

Figure 2showsoutput powercharacteristics measuredwith load-pull methodat I .OGHz.

Output power increased in proportion to the gate finger width. Output powerover 2Wcan be

obtained with the gate finger width of Imm. The maximumoutput power density of

2.6W/mmcan be obtained with the gate finger width of 200 Il m.

Acknowledgment: This work is performed under the managementof FEDas a part of the

METIProj ect(R&Dof Ultra-Low-Loss PowerDevice Technologies) supported by NEDO
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Traveling self-confined-solvent method: Anovel LPEgrowth of 6H-SiC

Y. Asaoka. M. Hiramoto, N. Sano. T. Kaneko
Graduate school of Science, KwanseiGakuinUniversity

2-1 Gakuen,Sanda, Hyougo669-1337, Japan

Tel/Fax: +81-0795-65-9726/9721, E-mail: scdcl05 1@kwansei.ac.jp

Thegrowih of high quality SiC without defects is an urgent target for high powerdevice

applications. The growih from liquid phase has been considered to be advantageous to

improve the material quality due to the process under thermal equilibrium. In the case of SiC,

however, the lack of stoichiometric liquid phasehas restricted the choice of proper solvents

to Si, which allows only a small solubility of C[1,2]. Thus the use of Si-solvent requires

extremely high processing temperature to reach high growih rate, which induces thermal

instabilities.

In this study, we propose a novel liquid phase epitaxial growih of 6H-SiC(OOO1)

employing a new sandwich configuration with no temperature gradient. It consists of a
polycrystalline SiC source platelet and a seed substrate with the 20umthick extremely thin

Si-solvent layer in-between, which is formed by the self-penetration of surrounding Si liquid

at temperatures above 1450C. The use of this particular thickness of the Si-solvent layer

guarantees the stable growih of SiC up to 2300C, without being obstructed by thermal

instabilities including thermal convection. As a result, a 300um-thick 6H-SiC single crystal

of single domainwas successively grown in 30 min at 2300~C (Fig.1). The structural and

optical properties of the grown layer were characterized by optical microscopy. AFM.X-ray

topography, TEM,and cathode luminescence.

It is revealed that the growih front preserves

smooth surface with an atomically flat terrace of

50umwidth terminated by a few nanometersheight "=~i=~= • .~

bunchedstep. This is a clear evidence showing the

reduction in the thermal instabilities. The growih

mechanismis directly attributed to the difference in
Fig. I .

Cross sectional view of grownsurface energy betweenthe substrate and the source layer. a : substrate, b: grown layer,

resulting in the difference in the equilibrium c : Si layer, d: polycrystalline plate.

concentration of C.

[1] D. H. Hofmann,M. H. Muller, Mater. Sci. Eng. B61-62 (1992) 29

[2] A. E. Nikoleav. V. A. Ivantsov, S. V. Rendakova,M. N. Blashenkov. V. A. Dmitriev, J.

Crystal Grpwih 166 (1996) 607
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Optical andelectrical characterization of free standing 3C-SiC
fllmS grownon undulant 6-inch Si SubStrateS

Toshimichi Yamadaand Kohei M. Itoh
Dept. Applied Physics andPhysico-Informatics, Keio University

Yokohama,223-8522Japan
Telephone:+81-45-566-1594, Fax:+81-45-566-1587

E-mail address:kitoh@appi.keio.ac.jp

Recently, Nagasawaet al. of the HOYAR&DCenter. Japan have announcedsuccessful

CVDgrowih of high quality 3C-SiC films of up to a few hundred micron thick with a very
small density of defects (lO /cm~2) [1]. The new3C-SiC epilayers have been grown on
so-called undulant Si(OO1) wafers of 6-inch in diameter by CVDmethod to have planar

defects collide and cancel out each other within the first -50 umfrom the Si/SiC hetero

interfaces. Defects present in the region more than 50 umaway from the interface are

dominantly twin boundary planes being parallel to each other with approximate separation

distances of3 um.
In this work wereport on the electrical and optical characterization of the free standing

3C-SiC madeby the HOYAR&DCenter. Two series of samples have been studied;

nominally undopedsamples and intentionally nitrogen doped samples of the concentration
1018 and 1017 cm~3 respectively.

The electrical properties have been investigated by variable temperature Hall effect

measurementsfor the temperature range T=I0-400K. The large improvement in the low
temperature free carrier mobility has been observed whenthe near interface heavily defected

region has been lapped away.
The optical properties have been investigated by photoluminescence (PL) spectroscopy

at T=3-300K. The PL spectrum at 3K shows sharp features of nitrogen donor bound
excitons. Above50K, broad peaks due to the free exciton recombination were observed for

undoped sample (Fig. l) indicating a high quality of the sample. The free exciton

luminescence, which is a goodmeasureofthe quality ofthe sample, has beenobserved before

for homoepitaxially grown 3C-SiC [2] but never in as grown samples. Our result is

remarkable considering the fact that the film has beenhetero-epitaxially growndirectly on Si

with the growih speedof 5Oum/hour.

Wewould like to thank H. Nagasawa FE(LA)
~ofthe HOYAR&DCenter for kindly '
~5

~providing us the samplesandK. Kojima ~~ FE(TA)for helpful discussions,
.~ FE(TO)"~I

o~::[1] Hiroyuki Nagasawaet al., ..
~I

to be published in Journal e*

of Crystal Growihand FE(LO)
~~vw,hoya,cojp/eng/news/index5 ,html

[2] Katsushi Nishino et al., 2.382.32 2.34 2.362.32.28

Photon energy (eV)
Jap. J. Appl. Phys. Vol. 36 (1997)

pp. 6405-6410 Fig.1 Free exciton luminescence of
nominally undoped3C-SiCat 80K
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Study on MetamorphosingTopSi Layer of SOIWafer into 3C-SiC
Using Conventional Electric Furnace

Seisaku Hirai Fumihiko Jobe Motoi Nakaol andKatsutoshi lzumil

HosidenCorporation, 1-4-33,
k~"itakyuhoji, Yao: Osaka, Japan, 581-0071

Tel:+8 1-729-24-8932 Fax:+81-729-95-3233
l OsakaPrefecture University, I-2, Gakuencho,Sakai, Osaka, Japan, 599-8570

Tel:+8 1-72-254-9829 Fax:+81-72-254-9935
e-mail for corresponding author: nakao-m riast.osakafu-u.ac.'

Based on ~ilicon-o_n-Insulator (SOI) technology, we have a plan to develop
electron-photon-merged devices. This plan calls for CMOS-LSIISOIand LED-array/GaNto
be monolithically fabricated on one chip. In order to reduce the lattice mismatchbetween Si

and GaN,weare attempting to form a GaN/SiCISOIstructure. Weare using a conventional
electric furnace, without any vacuurn system, to metamorphosethe top Si(11 l) Iayer of the
SOIsubstrate into 3C-SiC(11l) under the atmospheric pressure of propane gas in hydrogen at

about 1250~C. This methodof forming a SiC-on-Insulator (SiC-OI) substrate is inexpensive
and makesit easy to enlarge the wafer size. In addition, the SiC-OI substrate can be applied
not only to SiC devices but also to extensive substrate materials of GaNdevices.

Figures 1(a) and (b) showthe surface morphologies of specimensafier carbonizing the top
Si layers of SOI substrates, measuredwith a laser micrQscope. Figure I(a) corresponds to an
image of carbonization in hydrogen and propane after temperature elevation to about 1250~C
under a pure hydrogen ambient, while (b) corresponds to an image of carbonization by
temperature elevation to about 1250~C under a hydrogen and propane ambient. The surface
micro-roughness of specimen (b) is greatly reduced comparedto that of specimen (a). It is

supposedthat, in the case of (a), the bare Si layer reacts with such impurities as water in the
hydrogen gas during the temperature elevation, Ieading to the increased surface
micro-roughness of the specimen. In the case of (b), in contrast, the SiC Iayer is gradually
formed at lower temperatures, which prevents impurities frorn reacting with the Si layer. For
both specimens, however, 3C-SiC(111) peaks (2 e=35.6'

,
Cu-ka) are clearly observed

from X-ray diffraction measurements.This finding indicates that the formed SiC Iayers have
goodcrystallinity.

Figure 2showsa cross-sectional TEMimage ofthe specimen in I(b). The Si surface ofthe
SOI wafer is metamorphosedinto 3C-SiC(11l) with the thickness of 3nm. Wecan therefore

expect the whole 100 nmtop Si layer of the SOI substrate to be metamorphosedinto a
uniform SiC Iayer by optimizing the reaction time, flow rates of gases, and so on.

Frg, I (a) Fig. I (b)

Fig.2
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Radiation response of 6H-SiCMOSFETSfabricated using pyrogenic condition

Kin Kion Lee, Takeshi Ohshima,and Hisayoshi Itoh

JapanAtomic EnergyResearchInstitute, 1233 Watanuki, Takasaki, Gunma370-1292, Japan
Ph: +81-27-346-9324, Fax: +81-27-346-9687, E-mail: kinlee taka.'aeri. o.'

Electron-hole pairs are liberated in the silicon dioxide whenexposed to ionising

radiation. Subsequently most of the initially generated electron-hole pairs recombined, a
fraction of them remains in the oxide layer. Under favourable biased conditions, the electrons

are swept out of the oxide and the positively charged holes are trapped within the oxide and

near the interface of the SiOdSiCsystem. These trapped holes degrade the channel mobility

of MOSFETand pose oxide reliability issue. For this reason, manystudies on the radiation

effects on Si MOSFETShave been performed. Fewworks show the effects of gamma
irradiation on SiC MOSFETS.In this paper, wepresent newelectrical response of p-channel

MOSFETSWhenexposed to gammaray irradiation. Our results are also comparedto the

irradiated n-channel 6H-SiCand Si devices. Theoxides are grownusing pyrogenic condition

and irradiated at zero applied bias to all the electrodes.

Fig. I showsthe shift of the threshold voltage of the irradiated devices. Then-channel
threshold voltage decreases initially due to the builtup of positive oxide trapped charge.

Above l05Gy(Si02), the threshold voltage rebounds. In the case of the p-channel, both the

formation of oxide trapped charge and interface traps are positively charged, and contributed

to the large negative voltage shift. Fig. 2depicts the normalised mobility as a function of
absorbed dose for both the n-channel and p-channel devices. Interestingly, the initial mobility

of the p-channel devices increase up to 1.3 times of its pre-radiation value before decrease on
further irradiation. This increase in the hole mobility is attributed to the passivation of the

interface states and reduces the scattering of the channel holes. Further irradiation results in

an increase in the oxide and interface charge traps, and therefore reduces the hole mobility

At low irradiation doses, the mobility of the Si MOSFEThas reduced substantially. Unlike
the Si device, the electron mobility of the n-channel SiC device remains unchangedup to a
dose of 3xl05Gy(Si02). All these influences of gammairradiation on the devices and device
fabrication steps will be given in details in the paper.

14

-1

~i_-2

d::
s:c~,o

_3
oo'

>~

~;

rhchannel 6H-SiC

ee

oo

p-channel O
6H-SiC

i0+ I~

Absorbeddose fGy(sio,)]

Fig. I The threshold voltage shift of
n-channel andp-channel devices as

a function of absorbed dose.

- 747-

13
p~lannel

12 6H~3iC
O

il

10

:LO
a,9

e e
:L n-channelD

0.8 \ D 6H-SiC

a, 7
\b

o, 5

Si

o, 6

D
10' 10' 10=

Absorbeddose

Fig. 2Thenormalised mobility of the
Si and SiC MOSFETSas a function

of absorbed dose.



Technical Digest oflnt'l Conf on SiC andRelated Materials ICSCRM2001-,Tsukuba, Japan, 2001 MoP-74
(Late News)

AbStract
submitted to the International Conference on Silicon Carbide and Related Materials 2001

October 28 - November2, 2001

TsukubaInternational CongressCenter (Epochal Tsukuba)in Tsukuba, Ibaraki, Japan

Electrical properties of 4H-SiCthin fihns reactively ion-etched in SFd02plasmas

BumSeokKim, Jae KyeongJeong, MyungYoonUm,HoonJu Na. In BokSongandH eon Joon Kim
School of Materials Science andEngineering. SeoulNational University, Seoul, 151-742, Korea

Effects of dry etching process on the electrical properties of 4H-SiCwere investigated. AuSchottky barrier

diodes(SBD's) were fabricated on the reactively ion-etched surface of 4H-SiC thin films. Thesurface roughness,

residues and defects, which were produced during dry etching could deteriorate the electrical properties of

Schottky diodes. Such harmful effects were determined by current-voltage(1-V) and capacitance-voltage(C-V)

measurements.TheAuger electron spectroscopy(AES) wasalso performed to reveal the species of residues on

the etched surface after RJEprocess. The surface roughness before and after etching process wasevaluated by

the atomic force microscopy(AFM).

The I-V characteristics of SBD'son the etched surface were found to be deteriorated comparedwith that of

the SBD'son the unetched surface from the measurementof Schottky barrier height, ideality factor and reverse

leakage current. However, an increase of oxygen content in gas mixtures madean improvement in the

performance of Schottky diodes. It might be ascribed to the faster removal of carbon-excess surface layers with

etching-induced damageand the smoother etched surface. The RMSroughness of etched surface with AFM
scan area of 5x5 !Im 2wasactually improved from 8.5A to 5.7A with an increase of the oxygencontent in the

reactant gases form O%to 50%.And the AESanalysis revealed that the RIE etched surfaces had the residual

contaminants, of which the species were fluorine and oxygen, regardless of etching conditions. These results

indicate that the SBD's fabricated with higher oxygen percentage in the etchant gases had better device

performance than that with lower oxygencontents in spite of residual contaminants on the surface.
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Influence of Excited States of DeepAcceptors on Hole Concentration in SiC
Hideharu Matsuura

DepartmentofElectronics, OsakaElectro-Communication University,
Hatsu-cho 18-8, Neyagawa,Osaka572-8530, Japan

matsuura@isc.osakac.ac. jp
Experimental acceptor levels AEA in SiC, measured from the valence band Ev

' are
reported to be deeper than 150 meV. Moreover, the ground and first excited state levels of
acceptors in SiC, calculated by hydrogenic acceptor [AE. = 13.6(m' 18~r2) eV], are 136
meVand 34 meV, respectively. The experimental AEA is deeper than AEI because of
central cell corrections, while AE. (r ~~ 2) are considered to be reasonable, and should
affect the hole concentration p(T)

.

Using three kinds of distribution functions, we
theoretically and experimentally investigate the influence ofthe excited states on p(T)

.

Theproposed distribution function for electrons is expressed as

f(AE
n E )= I

~
,

(1)
A' ' ex E )+VLg.expfAE.-AEF)!

l+4exp - ex
. gl exp

AEA-AEF
kT kT kT.=2

where AEF is the Fermi level measured from Ev
' g. is the (r - l) -th excited state

degeneracy factor, and n is the highest excited state, which weconsider in ana~y~!]1sis. Here,
the average acceptor level AEA is expressed as AEA= AEA- Eex

'
and E.. is the

ensemble average of the ground and excited state levels,

which increases with T .
The Fermi-Dirac distribution

function corresponds to f(AEA ,1,0) and the conventional
function is f(AEA

,
n,O)

.

Using p-type 6H-SiC wafer, p(T) was obtained by
Hall-effect measurements. Using Free Carrier Concentration
Spectroscopy (FCCS), AEA

,
the acceptor density NA and

the compensating density N,.~ were determined, and are
shownin Table I .

Figure I shows the p(T) - I/T curves,
and Fig. 2 displays the FCCS curve given by
H(T, Eref )~ P(T)2 exp(E,,f lkT) /(kT)5/2 where the
sirnulation results meanthe curves simulated using Table I .

In f(AEA ,1,0)
,

although the simulated p(T) is in

agreement with the experimental p(T)
,

the simulated
H(T, E,,f ) is not, indicating that the excited states should
affect p(T)

.

In f(AEA
,
n,O)

,
the density of holes bound to

acceptors increases, which results in the unreasonable high
NA

.

In our case, there are good coincidences between the
experirnental data and simulation results in Fig. I as well as in

Fig. 2, and NA and AEA are considered to be reasonable.
In summary, the influence of the excited states on p(T)

should be considered, and the distribution function used in

deepacceptors should be f(AEA
,
n, E.. ).

Table I Results determinedby FCCS

N [cm~3]

AE [meV]

N [cm~3]

f(AE ,1,0) f(AE ,l0,0) f(AE ,lO,E )
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8.35xl017

2. 19xl 020
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ALUMINIUMNITRlDEBULKCRYSTALSBYSUBLIMATIONMETHOD:
GROWTHANDX-RAYCHARACTERIZATION

Sergey I. Dorozhkin, Andrei O. Lebedev, Andrei Yu. Maximov,andYuri M. Tairov

State Electrotechnical University of St.-Petersburg (LETI)
5, Prof.Popova Str., 197376St.-Petersburg, Russia
Phone: (007-8 12) 2343164, Fax: (007-8 12) 2343164, E-mail: ~y~@~xi~~pl2J~~

Aluminium nitride AlN, a wide band gap material isomorphous to gallium nitride has good
dielectric properties and chemical stability up to 1400~C. Despite of not enoughmaximum
size of AlN single crystals reported so far the bulk crystals and thick epitaxial layers of
aluminium nitride have a great potential as the substrate materials for GaN-basedepitaxial

structures.

Here, aluminium nitride crystals have been grown by sublimation technique in the
conventional growth cell designed earlier for obtaining silicon carbide ingots by modified
Lely (LETI) methodof growth. High purity AlN powderwasused as a source, a numberof
materials (SiC platelets, AlN/Al203 epitaxial structures, polycrystalline and textured Ta, W,
C) serve as the substrates. Deposits were prepared at 1400..2100~C and reduced pressure of

gas ambient (Ar+N2) for I ..lO h. Conventional X-ray diffraction methods (mainly, double-
crystal diffractometry and Laue pattern technique) have been employed to characterize the

structure and phase composition of deposits. To prevent an effect of catalythic reduction of
aluminium nitride onto the surface of graphite fittings in accordancewith the reaction:

AlN(s)
_

AlN(g)
_

Al(g) + N2(g)
an additional foil insulation wasplaced into the growih cell.

Weusually observe there are no any deposits onto the graphite substrate due to the reduction

mechanismmentioned above. Unexpectedly, the formation of homogeneousAlN crystalline

deposits onto the single crystalline SiC substrates is also hard to achieve. The samplesgrown
at 1500..2000'C in both the vacuumand residual gas ambient were as a rule multiphase and
contain both aluminium nitride and complex carbides such as Al4SiC4 and A14Si2C5. This
effect probably being a result of surface graphitization of silicon carbide at the growih
temperatures is also responsible for relatively small growth rates observed for SiC substrates.

Singlecrystalline growih has been achieved onto AlN/Al203 epitaxial structures at the

temperatures less than 1800'C. X-ray diffraction showedthat the deposits with the thickness

of up to somemillimeters grown onto the substrate of up to I inch in diameter had obvious
for aluminium nitride wurtzite structure. Fromthe practical point of view, the major problem
consists in the intensive nitridation of corundum part of epitaxial structure at the high

temperatures of growih leading to its cracking and even to mechanical destruction. So,

corundumsubstrate exposedat the 1600~Cfor 4hours almost completely converts into the set

of oxynitrides, Nevertheless, thick corundumsubstrates (more than 1000 _m)with the thick

epitaxial layers appear to be successfully used as the initial seed of large-scale area for AlN
growih in conventional sublimation process.
Also, Iarge-grain homogeneoustextured deposits were prepared onto the metal substrates

such as tantalum and tungsten. The deposits were found to be only wurtzite phase with the
lattice parameters agreed with the tabulated those.
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Electronic structure Ofthe UD3defect in 4Hand6HSiC

Mt Wanerl) B Magnussonl),2), W.M.Chenl) and E. Janz6nl)

1~)ept. ofPhysics andMeasurementTechnology, Linkoping University, SE-58183

2)

Linkoping, Sweden
OkmeticAB, SE-58330 Linkoping, Sweden

Tel.: +46-13-282629, Fax: +46-13-142337, e-mail: matwa~)ifm.liu.se

For SiC device applications it is highly desirable to achieve semi-insulating substrate material.

Recently it becamepossible to growbulk semi-insulating SiC by the HTCVDtechnique. The
semi-insulating behaviour is probably due to one or several deep level defects, but a definite
identification ofthese defects has not beenpossible so far. However, a series of sharp
photoluminescence (PL) Iines in the near infrared region is often found in such samples
Theselines havebeen labelled UD1,UD2andUD3,and the corresponding defects are likely

candidates for the semi-insulating behaviour.

Theaim of this work is to provide detailed insight into the electronic structure of the ground
state and the lowest lying excited states ofthe UD3defect. This is achieved by acombination
ofPL-, PLexcitation- (PLE), polarization- andZeeman-experiments. TheUD3defect gives
rise to a no-phonon(NP) PLIine at low temperatures at an energy of I .3555 eVin 4HSiC
and 1.3430 eVin 6HSiC. In amagnetic field UD3in both polytypes splits into two lines.

Themagnitude of this splitting is strongly angular dependent: It is largest whenthe magnetic
field is oriented parallel to the c-axis of the crystal and basically disappears for a magnetic
field orientation perpendicular to the c-axis. Thesplitting is observable in both PL- andPLE-
experiments. In PLhoweverthere is a thermal redistribution of intensity as the temperature is

varied, whereasthe two lines have identical intensity at all temperatures in PLE.

At zero magnetic field the lines are completely polarized EIc-axis.

In PLEexpenmentsadditronal lines at a few meVaboveUD3are found in the 4Hpolytype
Theones closest to the UD3Iine are almost as sharp as UD3itself and are attributed to
transitions betweenthe ground state and additional excited states with higher energies.
Additional evidence for this is provided by the fact that the lowest lying additional lines can
evenbe found in PLexperiments at elevated temperatures whenthe corresponding levels are
thermally populated.

Theexperimental findings can be consistently explained assumingthe following electronic

structure: Theground state is an orbital and spin singlet IA1' Abovethat there is an orbital

doublet IE2. Thetransition betweenthese gives rise to UD3.Theg-value of IE2-states is

typically highly anisotropic, which explains the strong angular dependenceofthe Zeeman
splitting. In addition only transitions with Eic-axis are allowed betweenAl andE2 states. At
energies above the E2 state at least two additional singlet states havebeen found.

Possible candidates of the defect will be discussed basedon the experimental findings.
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Fabrication of 4H-SiCplanar MESFETShaving lOWCOntact reSiStance
HoonJooNal,3), Kazuhiro Adachil'3), Norihiko Kiritani 2,3), Satoshi Tanimot02,3) and Hideyo Okushil,3)

I) AIST, PowerElectronics ResearchCenter,' AISTTsukubaCentral 2, 1-1-1, Umezono,Tsukuba,

lbaraki 305-8568, Japan,' TEL+8]-298-61-3326, F~X+81-298-61-3397, hoonjoo-na@aist,gojp

2) R&DAssociation for Future Electron Devices, AdvancedPowerDevice Laboratory

3) Ultra-Low-Loss PowerDevice TechnologyResearchBody

4H-SiCMESFETSWerefabricated using high-density ion implantation to get low ohnric

contact resistance without recess gate etching and contact annealing. The superior physical

properties makeSiC a very promising material for high power and high frequency devices

especially for microwavepowerMESFETS.SiC MESFETShave typically hada recess-etched

structure of gate active layer with a high-doped epitaxial layer for source and drain ohrnic

contact. The dry etching, however, Ieads to the degradation of device performance with the

inferior gate Schottky characteristics due to the induced plasma damagein the near-surface

region. Moreover, the inter-diffusion and the reaction betweenmetal and SiC during contact

annealing causes various problems such as the remaining-carbon. The ohmic contact

resistance is somewhathigh in the order of I0~4
-

10~5~cm2becausethe doping concentration

ofhigh-doped layer of about 1019cm~3is not sufficient for the field-emission tunneling.

The fabrication process included mesaetching,
n+ ion implantation region

p+ ion implantation and activation, formation of

ohmic contacts, definition of gate contact and
formation of pad. The structure of wafer from Cree
Inc. consisted of n-type substrate, p-type buffer layer

(NA=9.0xl015 cm~3) and n-type channel layer having

a thickness of 0.4 um(ND=1.7xl017 cm~3) (Fig.

1). The gate length was from 2umto 10 umand
the gate width was 100 umand 500 um. Ohnric

contacts were formed using Al without annealing,

which meansafter the activation annealing of ion

implantation, all processes were run at room
temperature

.

Fig. 2showsthe Ids-Vds characteristics of a
fabricated MESFET.The pinch-off voltage, the

saturation drain current and the transconductance

were 30 V, 415 mA/mm,and 19.3 mS/mm,
respectively. Very low contact resistance of
4.8xl0~6 ~cm2 was estimated from TLM
measurement, which indicate the Fig.

non-annealed Al ohmic contact can be

applied for the device fabrication.

Fig.
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Homoepitaxial growth of 4H-SiC thin film below 10000C by microwave plasma

chemical vapor deposition
12M. Okamotol'2, R. Kosugil'2, Y. Tanakal'2, D. Takeuchi3, S. Nakashimal,2,4, S. Nishizawa '

,
K.

Fukudal,2, H. Okushi3 andK. Arail'2

INational Institute of Advanced Industrial Science and Technology (AIST), Power
Electronics ResearchCenter (PERC)
2Ultra-Low-Loss PowerDevice TechnologyResearchBody
3AIST, ResearchCenter for AdvancedCarbonMaterials

4R&DAssociation for Future Electron Devices, AdvancedPowerDevice laboratory (FED)
c/o AISTTsukubaCentral 2, 1-1-1 Umezono,Tsukuba, lbaraki 305 -8568, JAPAN
Phone:+81-298-6 1-3 320, Fax:+81-298-6 1-3397, E-mail: mitsuo-okamoto@aist.go.jp

High temperature (around 1500'C) of homoepitaxial SiC film growih limits the variety

of the SiC device process. Our goal is to achieve high-quality homoepitaxial a-SiC film

growih below 1000'C by microwave plasma chemical vapor deposition (uPCVD)for the

purpose of providing more flexibility in the SiC device process, such as epitaxial growih
using SiC on insulator (SiCOI) substrates, selective epitaxial growih by use of oxide or
nitride maskand so on. To our knowledge, there are no papers reporting about homoepitaxial

growih of ct-SiC using PCVD.
SiC films were grown on 8' off-axis 4H-SiC(OOO1)substrates at temperature of 970'C

and microwavepower of 1300Wwithout intentional doping. Mixture source gases of CH4
and SiH4 were used with H2 carrier gas. The surface morphology and crystallinity of the

obtained films was characterized by atomic force microscopy (AFM) and reflection

high-energy electron diffraction (RHEED),respectively. The C/Si ratio wasa very important
factor for fabrication of high-quality films. Extremely high C/Si ratio (C/Si=175) in

comparison with that used in conventional CVDtechnique wasrequired to obtain smoothand
single crystalline films.

Thepolyiype of obtained films wasconfirmed by confocal microprobe Ramanscattering

spectroscopy. Figure I shows the Ramanscattering spectra from the -200nmthickness SiC
film grown at C/Si ratio of 175 for IOh. By focusing probe laser at surface and substrate, we
distinguished the signals from the grown film and To
the substrate

.

It is known that the LO
phonon-plasmon coupled (LOPC) peak becomes

Lopc li~=
broader and shifts to higher frequency with r-,_"

f"~ =~b=""'
increasing the free carrier density n [1]. Since the ~ ~'h"P Ii"

f*'* fil* ~\
substrate was highly doped n-type 4H-SiC, the ~ To
Ramanline of LOPCmodewasvery broad as shown.~ '5

in Fig. I (a). Onthe other hand, in a spectrum from ~ b) surface

~the film surface (Fig. I (b)), a sharp line (964cm~1)
-c

corresponding to the LOmodeof pure 4H-SiC was iu~i
observed with the broad LOPCIine from the (a) substrate

substrate. These results indicate that homoepitaxial '

600 800 900 iooo I Ioo700
growth of 4H-SiChave beenattained below 1000'C. RamanShift (cm~*)

[1 JS. Nakashimaet al., Phys. Stat. Sol. (a) 162, 39 (1997) Fig. I Ramanscattering spectra
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ReducedmicrOpipe density ill bOule-deriVed 6H-SiCSubstrateS

Via HetChing of seedcryStalS

S. E. Saddow,1Troy Elkington, and M. C. D. Smith3

I Center for Microelectronics Research. University of South Florida,

4202E. Fowler Ave., Tampa,FL33620, USA
Tele.: 813.974.4773; Fax: 813,974.5250; E-mail: saddow@ieee.org

2II-VI Inc., Saxonburg, PA, 16056 USA

3EmergingMaterials ResearchLaboratory, Mississippi State University,

MS39_762-9571. USA

The effect of hydrogen etching of 6H-SiC Si(OOO1)on-axis SiC seed sLtrfaces prior to crystal

growih has been investigated. Themost commonmethodfor producing SiC substrate wafers is

to place a SiC seed in a closed graphite container and then deposit SiC vapor species onto the

seed from a heated SiC source. Four quarters ofthe 2" seedwereprepared for boule growth with
each quarter prepared using various treatments. Aphotograph of the seeds investigated is shown
in Fig. I (lefi) along with the resulting substrates (right). Hydrogenetching of the seeds was
performed for 30 min. at 1600'C in a cold-wall CVDreactor to reduce seed crystal surface and
subsurface damage.Boule growih wasthen conducted in an inductively heated PVTfurnace and
the boule sliced into wafers and polished. The micropipe density (MPD)was then measured
using differential interference optical microscopy. For a conservative analysis the MPDfor each
wafer quarter were averaged and a statistical analysis performed to ensure independent samples.

Using a 950/, confidence criteria hydrogen etching of the seedappearedto reduce the MPDin the

crystal by about 24.5 :t 19.4"/.. Fig. 2is a histogram ofthe MPDfor seeds etched with hydrogen
and non-hydrogen etched.

Fig. I Photo of tiled seeds (left) and
resulting boule-derived substrates

(right). 4boules prepared in this study.

Fig. 2MPDin boules grownusing H-etched
(light) andnon-etched (dark) seed crystals. MPD

reduced by - 25"/, with Hetching.
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X-ray photoelectron spectroscopy studies of post oxidation process effects on oxide/

SiC interfaces

YHi'ikatal, H. Yaguchil, M. Yoshikawa2, and S. Yoshidal

'Saitama University, 255 Shimo-ohkubo.Saitama,Saitama 338-8570, Japan

2JapanAtomic EnergyResearchInstitute,1 233 Watannki. Takasaki, Gunma370- 1292, Japan

Tel/Fax: +81-48-858-_3822, e-mail: yasuto('~wj,opt,ees,saitama-u.acjp

SiC-MOSFETShavesomeproblems to be solved before practical use, such as their low chamelmobilities

andhigher on-resistances than those predicted. It has beenreportedl.l] that high interface trap density andhigh

oxide-trapped charges of SiC MOSstructures, which are estimated by C-Vmeasurements,are concemedwith

the i'nfei:ior properties of SiC MOSFETS.Also, it hasbeenreported that somepost oxidation processes, such as

re-oxidationL2], have improved their C-V characteristics. Wehave reported that,L;] in_ the results of XPS
measurementsfor slope shapedoxide films, several photoemission peakscorresponding to other bonding states

than Si-C and Si-O bondswere observed in the oxide/SiC interfaces. In this report, wetry to explore the

changesof interfacial structures by post oxidation processes in terms of bonding states. Wealso reveal the

reasorxs for the improvem,ent of C-Vcharacteristics by these processes.

6H-SiChomo-epilayers, 5umin thickness and5X 10[5 cm~3in carrier conc,entration (n-type) (Cree,Inc.),

wereused for the measurements. The(OOOI)Si faces of SiC epilayers were oxidized in apure O, flow at 11OO

oc for 3h. After the oxidation ceasedj oneof the sampleswascooled downimmediately ((a) quench), another

onewaspost-oxidation-annealed in Ar gas atmosphereat I150 OCfor 3h ((,b) Ar POA,), andthe last onewasre-

oxided at 950 r,C for 3h ((c) Re-oxi.) Thethree specimenswere imnlersed gradually into buffered hydrofluo'ric

acid at a constant speedto etch the oxide laye,rs at an angle. Themeasuringpoint (:1 mmin diameter) of XPS
wasscannedalong the slope of the samples. Figure I showst,he photoelectron spectra, ofCls core levels as a
ftmction of oxide thickness. It wasformd. that the numberof C-ObondsandC- bondsdecrease with Ar POA
andwet re-oxidation, respectively. C- bondsare probably originated from adissociation of C-Si bond. Wealso

discuss the influence of C- bon(is andC-Obonds, in addition Si-Si bondsandSi-O-C bondsobserved in Si2p,

with respect to the electn'c properties of MOSFETS.
This work waspartly performed under the managementof FEDas apart of the METIProject (R&Dof

Ultra-Low-Loss Power b) Ar POA C) Re-OXi.a) quench
Device Technologies)

C-Si C-Sisupported by NEDO. ~~~

5
[llV. V. Afanas'ev et - 20 20"al.:Phys. Status Solidi ~~:$ 4 C-H cl(aj) 162 (1997) 312, o 15 15 C-Fl

[2] L. A. Lipkin and J.
eoh 3~ C-O ,

C-H C-

C-O
~

~
W. Palmour: J. ~ 2

1 f
d,,*

I ,*

C-O
da* 10 l10~ .62

.55- 0.54
Eiectron. Mater. 25 ~
(1996) 909. ~ I l.61 5 1.43 5 l.74

e*
[3] Y. Hijikata et al.: 4.34 O 3.06O .35 O
Appl. Surf. Sci. (in nm nm nm288 284 280 288 284 280 288 284 280
press.)

Binding energy (eV)

Fig,1 Photoelectron spectra of CIscore levels as a function of oxide
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Replication of Defects from 4H-SiCWaferto Epitaxial Layer

T. Ohnol, H. Yamaguchi2,K. Kojirnal, J, Nishiol, K. Masahara2.Y. lshida2, T. Takahashi2, T. Suzukil

andS. Yoshida2

1Ultra-Low-Loss PowerDevice TechnologyResearchBody(UPR)andAdvancedPowerDevices

Laboratory, R&DAssociation for Future ElechonDevices, c/o AIST, 1-1-1 Umezono,Tsukuba, lbalnki,

305-8568Japan, Tel. 81-298-61-5901, Fax. 81-298-61-5402, E-mail: t~ono@aist.gojp
2UPRandPowerElectronics ResearchCenter, AIST

Thereplication of defects such as screw dislocation andbasal plane dislocation from 4H-SiCwafer

to the epilayer was investigated by reflection X-ray topography. The Berg-Barrett geometry was
employodusing CuK~ radiation and the gvector was 1128. The incident angle to the suface of

sampleswas4.9 deg. andthe absorption depth is 6.Opmunder these conditions
.

Figure I showsthe topographs from (a) 4H-SiCepilayer with atbickness of 30pmand(b) 4H-SiC
wafer on which the previous epilayer wasgrown. Thetopognph (b) wasrecorded before the growth of

epilayer. Thesclew dislocations markedAare observed in both topographs at the sameposition. They

are perfectly replicated homthe wafer to the epilayer with the strained area around them. Basal plane

dislocations form anetwork in the wafer, as matkedBin topognph (b)
.
Mostof themare not replicated

to the epilayer but a few are observed at sameposition of both topographs as markedC. Thedefects

markedDandmarkedEale observedonly in the epilayer. Thesedefects are producedduring the growth

Thefonners are needle-like andelongated to the off orientation. Thetopogra;phs from epilayer depend

on its thickness
.

Details will beshownat the conference.

~~~;

Fig. I Berg-Bauctt topognphshom(a) 4H-SiCepilayer and (b) the wafer on which the previous

epilayerwas grown. CuK(z radiation. g=1128

Ackuowledgement This work wasperformed under the managementof FEDas apart of the METI
Project (R&Dof Ultra-Low-Loss PowerDevice Technologies) supported byNEDO.
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Simulation of High-Temperature SiC Epitaxial GrowthUsing
Vertical, Quasi-Hot-Wall CVDReactor

MHaseawal, K. Masaharal, Y. Ishida2, T. Takahashi2, T. Ohno JNlshro
T. Suzukil, T. Tanakal, S. Yoshida2, andK. Arai2

IUltra-Low-Loss PowerDevice Technology Research Body (UPR) and R&DAssociation for

Future Electron Devices (FED), Advanced Power Device Laboratory, c/o AIST, 1-1-1,

Umezono,Tsukuba, Ibaraki, 305-8568JAPAN
2UPI~ National Institute of Advanced Industrial Science and Tecnology (AIST), 1-1-1,

Umezono,Tsukuba, Ibaraki, 305-8568JAPAN

High-voltage SiC powerdevices use thick epitaxial layers so that achieving high growih rate is

an important issue. It is considered that higher growth temperature might be advantageous for

growing high-quality epilayers with fast growth rate. Kushibe et al., However, reported that the

growih rate at high temperature rather decreases with increasing temperature because of H2
etching of SiC[1]. Weinvestigated the epitaxial growih model at high temperature by using

computer simulation based on the competing reactions of H2 etching and deposition taking

account of the experimental data.

A vertical, quasi-hot-wall CVDreactor was used for experiments. The 2-dimensional
axisymmetric model was used for simulations considering the thermal and multi-component
gas-phase diffusions. The source gases were SiH~ and C3H8, and carrier gas was H2. The
competing reaction on the SiC substrate surface wasassumedas follows:

2SiC+H2e 2Si(g) + C2H2 (Rl )
The simulation indicated that the source gases are completely decomposedto Si(g) and C2H2

near the SiC substrate surface, and Si(g) and C2H2are also generated by the H2etching reaction
at high temperatures (~ 1640~C). As the result, it is considered that epitaxial growih rate is

dominated by the three major reaction paths at high temperature, namely (i)SiC etching by H2,
(ii)re-deposition of the byproducts of etching, and (iii)deposition by source gases. The
experimental data werewell explained by this competing growih model.

Reference: [IJK. Kushibe et al., Proc, of ICSCRM'99 (1999) 470.
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Fig. I Temperaturedependenceof etching, deposition and growih rates.

Acknowledgement This work wasperformed under the managementof FEDas a part of the

METIProj ect (R &Dof Ultra-Low-Loss PowerDevice Technologies) supported by NEDO.
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Homoepitaxial growth of cubic Silicon carbide by sublimation epitaxy
T. Furusho, Y. Okui, S. Ohshimaand S. Nishino

Departmentof Electronics and Information Science,
Faculty of Engineering and Design

Kyoto Institute of Technology, Japan
e-mail : furush5t@dj edu.kit.ac.j p

Cubic silicon carbide has wider band gap than silicon and gallium arsenid and higher

electron mobility than hexagonal silicon carbide. Therefore, cubic silicon carbide has an
enough potential for low loss, high power and high frequency devices. In this work,
crystal growih of cubic silicon carbide wascarried out by sublimation method, especially

sublimation epitaxy on cubic silicon carbide substrates.

Generally, cubic silicon carbide is grown on silicon substrates by chemical vapor
deposition (CVD) [1]. However, the growih rate in CVDis very low. In this study,

sublimation epitaxy was used in order to obtain thick and high quality cubic silicon

carbide. In sublimation epitaxy, high quality epitaxial layers can be obtained with high

growih rate (over 100um/h) [2].

Crystal growih was carried out on cubic silicon carbide substrates. These substrates

were grownon silicon or silicon carbide substrates by CVD.Thegrowih temperature and
the growih pressure during the homoepitaxial growih process were 1850'C and 30Pa,

respectively. Crystal growih proceeded in argon atmosphere. In these conditions, the

growih rate wasabout 50um/h.
Fig.1 showsRamanspectra of the substrate

and the grown layer. The thickness of the

substrate and the grown layer were about 20um
and about 300um, respectively. 3C-SiC LO
phonon peak near 974cm~1[1] is observed at

both spectra. Therefore, it is considered that the

cubic silicon carbide layer is grown on the

cubic silicon carbide substrate. The surface of

the grown layer was smoother than that of the

substrate and anti phase boundary (APB)
density waslower than the substrate.

In order to characterize grown layers, Raman
scattering and X-ray diffraction were used.

Moreover, the electrical property of the film

and characteristics of Schottky diode will be
discussed.

~b~

~O1-~I~
TO

Grownlayer

Su.bs tra[:e

LO

8OO 900 1OOO
Ramanshift [cm~1]

Fig.1 Ramanspectra of the

substrate and the grown layer.

[1] Y1 Chen, Dr. thesis, Kyoto Institute ofTechnology, 1999.

[2] T. Furusho, S. Ohshimaand S, Nishino, Materials Science Forum
p.73.
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Electron-irradiation-induced arnorphization in 6H-SiCby 300keV
transmission electron microscopy equipped with a field-emission gun

In-Tae Bae', ManabuIshimarub, Yoshihiko Hirotsub

'Department ofMaterials Science and Engineering, OsakaUniversity, Suita, Osaka565-087l, Japan

bTheInstitute of Scientific and Industrial Research, OsakaUniversity, Ibaraki, Osaka567-0047, Japan
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lrradiation with energetic particles is an important technique to develop new
functional materials. It is necessary to elucidate the fundamental radiation effects in SiC to

obtain or maintain desirable materials properties for device production. Oneof the most
important parameters for describing radiation damageis the threshold displacement energy

(Ed), which is defined as the minimumkinetic energy to create a stable Frenkel pair. Much
effort has beendevoted to determine EdOf SiC, but the values estimated experimentally are

considerably scattered over nearly an order of magnitude. In this study, weperformed

electron irradiation into 6H-SiCusing in-situ transmission electron microscopy (TEM).

Single crystalline wafers of 6H-SiC (Cree, Inc.) were fabricated into samples

appropriate for TEMstudy. Electron-irradiation experiments were performed at room
temperature using JEOLJEM-3000Fwith incident electron energy of 300keV. This facility is

equipped with a field-emission gun as an electron source whoseelectron flux (-5xl04 A/cm2)

is larger than conventional LaB6filament (-20 A/cm2).

High-resolution TEMobservations and electron diffraction experiments indicated

that the electron-irradiated area is successfully amorphized, though the present irradiation

conditions are beyondthose required to induce a crystal-to-amorphous phase transformatiOn

(the incident electron energy of >750 keV and the temperature of K) [1]. The Ed

calculated assuming the incident electron energy of 300 keV turned out to be -30 eV for

silicon. TheEdObtained here is quite similar with that in experimental and theoretical reports

30-35 eV by Rutherford backscattering technique [2] and 35 eV by molecular-dynanucs

calculation [3]• Becauseof high-electron flux of field-emission gunused here, it is considered

that the damage-producing rate dominates over the recovery rate in the electron-irradiated

area. Wewill also report an example of nano-fabrication of SiC using electron-beam-

irradi ation
.

[1] H. Inui, H. Mori, andH. Fujita, Philos. Mag.B61, 107 (1990).

[2] W. Jiang et al., Nucl. Instrum. andMeth. B148, 557 (1999).

[3] R. DevanathanandW. J. Weber, J. Nucl. Mater. 278, 258 (2000).
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Observation of 2inch SiC wafer by SWBXTat SPring-8

M.Sasaki A.Hirai, T.Miyanagi, T.Furusho, T.Nishiguchi, H.Shiomi' and S.Nishino
Kyoto Institute of Technology, Matsugasaki, Sakyo, Kyoto 606-8585, Japan

Tel +81 75 724 7415 Fax +81-75-724-7400
SiXONLtd., Saiin-hidericho 27-1

,
Ukyo, Kyoto 615-0065, Japan

E-mail: sasakil m@djedv.kit.ac.jp, nishino@djedu. kit.ac.jp

SiC bulk crystal madeby sublimation methodhas a lot of defects and stress fields. These
defects affect performance of device operation. So wemust investigate and decrease defects

and stress fields. X-ray topography is useful tool to observe defects and stress fields in awafer.

By using SWBXT(Synchrotron White BeamX-ray Topography), weobserved the defects
using facilities at SPring-8 (BL28B2). SRbeamat SPring-8 has muchmerit, such as 8GeV
electron beamenergy, ultra-bright, highly directional, Iinearly polarized and so on. So, we
tried to observe 2inch SiC wafers anddiscussed about defects moredetail. Weprepared 2inch
(OOOl) and (11-20) SiC wafers, which were madeby sublimation methodand measuredby
transmission and reflection mode. Fig. I shows the topography of transmission mode. The

directions of incident beamof Fig. I (a) and

ee
(b) were and and

:':, diffracted planes were (11-23) and (1-l03).

respectively. Fig. I (a) and (b) were observed
e' at samearea. But the images were different
:':

tTOOi*

a,5A

1'
al

~= 123~ ~= •i II03'='

(a) (b)

Fig.1 X-ray topography of (OOOI)6H-SiC
(transmission mode)

each other. Fromthese images, Frg. I (b) has

more fine stripes than Fig. I (a). Fig.2 shows
these fine stripes. The contrast in Fig, I (a)

corresponded to the sub-grain boundaries,

whose Burgers vector was . And
many fine stripes in fig, I (b) were small
defects or stress fields whoseBurgers vector

was direction.

The defects were created by releasing the

stress fields. But in the crystal, residual stress

and elastic stress still exist, probably. And
these stress fields appearedas small defects.

Fig.2 Enlarged imageof Fig. I (b)
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Adsorbate Effects of the Surface Structure of 6H-SiC(OOO1)V3xlf3 R30'
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Surface structures of 6H-SiC(OOO1)V3x~/3 R30' surfaces have been studied by rocking

curves of reflection high energy electron diffraction (RHEED)intensities and Auger electron

spectroscopy (AES).

Twotypes of V3xV3 surfaces, V3xV3-Si (oxygen free) and V3xl/3-C surfaces (oxygen

adsorbed), were observed in a series of an annealing process. TheV3xV3-Si surface was
obtained by annealing the Si pre-deposited specimenin a Si flux for 3min at 1045'C. After

leaving the V3xl/3 surface in a UHVchamberfor 23 h, the Rru3EDpattern showed Ixl

periodicity, which turned into the V3xV3-Csurface by annealing the Ix I surface for 30 sec at

810'C. Rocking curves andAESspectra from the two V3)cV3 surfaces clearly showthat the

two V3xV3surfaces are structurally different. Peak-to-peak intensity ratios of Si LVVto C
KLLpeaks are 2.2 and 0.92 for the V3xV3-Si and V3xV3-Csurfaces, respectively. The

V3xV3-Csurface transformed into the V3xl/3-Si surface again by further annealing for 30 sec

at 940'C. Rocking curves from the surface structures of the two V3xl/3 surfaces have been

analyzed by RHEEDdynamical calculations based on multi-slice transfer matrix method

In conclusion, the V3xV3-Si surface is determined to be terminated with Si single-adatoms on

T4 or H3 sites of the bulk surface. The two sites are not distinguished from this analysis

because of the poly-type structure surface. From a preliminary analysis, the V3xV3-C

surface contains Ctrimer structure.

In order to find what causes the phasetransition from the V3xl/3-Si to the V3xV3-Cphases,

hydrogen gas and oxygengas are exposed to the V3xl/3-Si surface at roomtemperature, then

the samples are annealed to 700'C and 790'C in UHV, respectively. In the case of the

hydrogen-treated V3xl/3, the RHEEDrocking curves and the Auger spectrum showgood

agreement with the V3xV3-Csurface formed by annealing in UHVas mentioned above

Therefore, it is reasonable to suppose that the rearrangement of the V3x~/3 surface in UHVis

causedby adsorption of hydrogen on the V3xl/3-Si surface.
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Annealing Kinetics of the implantation-induced amorphouslayer
in 6H-SiC(OOO1)

TomononNakanrura, Seiken Matsumoto,TatsunobuHoribe, andMasatakaSatoh
ResearchCenter oflon BeamTechnologvandCollege ofEngineering, Hosei Unversty,
Koganei, Tolyo 184-8584, Japan
Phone: +81-42-387-609 1,

Fax: +81-42-387-6095, E-mail: gonne@ionbeam.hosei.acjp

Wereported that the amorphous layer on (ll-OO) and (112-0) oriented SiC can
recrystallized to the original polytype structure by annealing below IOOOoC. However, there is a
few study about the annealing kinetics of the implantation-induced amorphouslayer in (OOOI)-

oriented SiC. In this study, wereport the annealing kinetics for the Ar ion implantation-induced
amorphouslayer of (OOO1)-oriented 6H-SiC in annealing temperature below IOOO~C.

Figure I showsthe image of the cross-sectional electron transmission microscopy taken
from 6H-SiC, implanted with 100 keVAr at a dose of 2x 1015/cm2at roomtemperature, before
and afier annealing at 950 *C for I hr. In the as-implanted sample, the 120-nmthick amorphous
layer can be observed. Onthe other hand, in the annealed sample, it is found that the amorphous
layer is recrystallized to 3C-SiC, which can be divided into two regions indicated as I and 11 in

figure. Regions I and 11 contain a large amountof micr0-3C SiC crystals and a small amountof
relatively large 3C-SiC crystals, respectively. It is suggested that the regrowih mechanismwas
changedduring the annealing. Figure 2showsthe annealing time dependenceof the thickness of
the regrown 3C-SiC from 320 nm-thick amorphouslayer. At the flfst stage, the regrowih rate is

very small and is estimated to be 0.044 nm/minat 800 "C, which is 2order ofmagnitude smaller

than the case of (11-00)-oriented 6H-SiC. This slow regrowih corresponds to the growih of
micro 3C-SiC crystals (see Region I in fig. 1). Afier regrowih of 3C-SiC Iayer with a thickness

of about 60 nm, the regrowih rate is increased to IOtimes faster than the flfst stage, which is

connected to the growih of the large 3C-SiC crystals (Region 11 in fig. 1). The regrowih rate in

the second stage is estimated to be 0.35

nm/min at 800 'C. The activation energy of
the regrowih of 3C-SiC is estimated to be 3.4

eV for both flfst and second stages, which is in

good agreement with those of (11-00) and
(1 12-0) oriented 6H-SiC.
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4H-SiCSchottky diodes with high onloff current ratio

K.V. Vassilevskil, 2, A. B. Horsfalll, C. M. Johnsoni, N. G. Wrighti, A.G. O'Neilll

/ DepartmentofE/ectrical &Electronic Engin.eering University qfNel4.'castle upon Tyne, .N:ewcastle upon
T_vne, NEI 7RU, United Kingdom
Tel, +44(O)1912227595Fax. +44(O)191222 8180E-mail.' a.b,horsfall(._'a~',n.cl,ac. uk

2 Iqffi. e Institute, St.Petersburg, 194021, Russian Fede,'ation

Silicon carbide Schottky Diodes (SD)with moderate photolithography and chemical etching of Ni
blocking voltage (-300-1200V) are of great interest (Fig.1b), the Ti was etched selectively to nickel

due to their high switching speedcomparedto Si PiN (Fig.lc). in liquid etchant. The time of ovelietching

diodes. However, the on/off current ratio at fixed defined the width of the Ni strip. During specimen
forward and reverse biases does not always compare drying, the Ni film wasbent by surface tension forces

as favourably. In this paper, we describe the forming tight contact to SiC (Fig. Id). Finally, the

fabrication and characterisation of SiC SD with Schottky contact was formed by annealing at 450-
moderate blocking voltage, having reduced reverse 650'C for 60 min.
current and improved on/off current ratio. Thediodes had a breakdownvoltage of about 750

The reverse current in a SiC SDdepends on the V, with a barrier height in fonvard bias of I.2 V. (as

contact metal barricr height and the applied voltage. observed for Ti SD) whilst the reverse current was
Furthermore, the current under reverse bias is defined similar to Ni SD(Fig. 2). Theyhad an on/off current

mainly by current flow through the contact periphery, ratio at IV/500Vof about 5•lOs. This value exceeds
where crowding increases the electric field, the on/off ratio of TifSiC and N~SiCSDfabricated
Conversely, the electrical characteristics of the diode on the same epitaxial wafer and exceeds those
under forward bias, are defined by the current flow published in the literature for SD witb moderate
through the whole diode area. Hence, the reverse breakdownvoltage. To verify the fonnation of Ni
current maybe decreasedwith no increase in forward contact strip around Ti Schottky contact, it was
voltage drop if a thin strip of metal with higher decorated as indicated in Fig. Ie- If. ASEMpicture
barrier (e.g. Ni, I.6 eV) surrounds the contact of the decorated edge strip is shownin Fig. 3. Fuli

consisting ofthe metal with lower barrier height (e.g. details of the diode fabrication and electrical

Ti, I .2 eV). characterisation will be given in the final paper.
Commercial 4H-SiC n-n"' wafers (3•lOlscm~3; 10

um) were used to fabricate these diodes. All metals 1,0E-o9

were deposited with no sample heating. l~Iickel, IOO

nmthick~ wasdeposited on the back side of the wafer
and annealed at I100'C to form the ohmic contact.

To form the SD, titanium (4- 15nmthick) and nickel

(lO0-150 nm) were deposited consecutively. After

contact geometry definition by contact
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Characteristics of MESFETSmadeby lon-implantation in Bulk Semi-insulating 4H-SiC

SMrtra MV Raol ', N. Papanicolaou2 andK. Jones3.
1DepartmentofElectrical andComputerEngineering GeorgeMasonUniversitv. Fairfax, VA22030, USA

2NavalResearchLaborato,y, WashingtonDC20375, USA
3ArmyResearchLaborato,y, Adelphi, MD20783-1197. USA

*Corresponding Author, 4400University Drive, Fairfax. VA22030. USA;Ph: 703-9931612, Fax: 703-9931601,
Email: mul uri,~il mu.edu, ' Presenting Author

In this work, I-V, C-VandDLTScharacteristics of fully ion-implanted n-channel Metal-
SemrconductorField-Effect-Transistors (MESFETS)madein semi-insulating (SI) bulk 4H-SiC
with W/L= 280 um/ 2 umare studied. In order to create the source/drain and the channel
reglons of the MESFET,nitrogen implantations were performed to a depth of 300 nmat room
temperature to volumetric concentrations of 2xl019 cm~3 and 6xl017 cm~3, respectively. To
actrvate the implants, annealing wasperformed for 15 minutes at 1450'C in an argon ambient
using an AlN encapsulation. Ohmiccontacts to the source/drain areas were formed by e-beam
evaporation and lift-off ofNi (lOO nm), followed by a 1200 'C /3minute anneal in vacuum. Al
Schottky gate metallization (-100 nmthickness) wasperformed by e-beamevaporation. From
capacitance-voltage (C-V) measurementstaken before forming the channel recess, the channel
substitutional dopant concentration was found to be 3xl017cm~3, which represents a 50010
activation of the implanted nitrogen species in this region. Vander PauwHall measurementsof
on-wafer test patterns showeda roomtem erature volumetric carrier concentration of2xl017cm~

,Fwith a bulk electron mobility of 240 cm / V•s. The pinch-off voltage and the saturation drain

current (Id**) of the MESFETSare found to be -18 V and -30 mA, respectively. The drain
conductance (gd) and the mutual transconductance (g~) calculated from the MESFET'SID-VDS-
VGScurves are 7.9 mSand 5.4 mS,respectively. Apoor source/drain ohmic contact resistance of

-
10~2 ~-cm2 is believed to be partially responsible for these low conductance values. The

MESFETSShowedstable device characteristics over the temperature range 25'C-350'C. Dueto
the poor ohmic contact resistance value, the channel carrier mobility extrapolated from the gd
and g~ values is about 5times smaller than the bulk Hall carrier mobility. The residual implant
lattice damageat the interface is also partially responsible for the low g~ and gd Values. To
investigate the implant lattice damageinduced traps in the MESFETstructure, we performed
DeepLevel Transient Spectroscopy (DLTS)measurementson the channel/SI substrate interface
in the temperature range from 200Kto 550K. ASchottky gate reverse bias voltage of --lOV was
applied to push the depletion region into the vicinity of the nitrogen implanted channel and the SI
substrate interface. With a proper choice of the rate window, several traps were detected at the
channel/ substrate interface at 0.5 1eV, 0.6 eV, O.68 eV, 0.768 eVand O.89 eVabove the valence
band edge (Ev) at relatively high concentration (Nt - 0.01 N*, where N* is the net carrier

concentration). Thetrap located at E. + 0.51 eVis believed to be due to a point defect created by
nitrogen implantation, and the trap at E. + 0.6 eV can be related to the deep acceptor level
introduced by the V dopant in the semi-insulating material. Origins of the other traps are
unkuownat this time. Thenormalized amplitude of all peaks decreased linearly with decreasing

reverse bias on the Schottky gate, indicating that the defect concentration decreases at distances
further from the channel/substrate interface. The implant defect related traps might have also
contributed to the poor effective carrier mobility in these MESFETdevices. Optimization of the
implant/annealing temperatures and source/drain ohmic contact formation parameters are
expected to yield improved device performance to makeion-implantation in SI substrates an
attractive doping process for SiC device fabrication.
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Epitaxial growth of (11-20) 4H-SiCusing substrate grownin the [11-20] direction
KKo'imal;~3, T. Ohn01~,J. Senzakil2, K. Fukudal2. T. Fujimot013, M. Katsun013, N. Ohtanil3, K
Masaharal~, Y. Isbidal2, T. Takahashil2, T. Su~lkil;, T. Tanakal;, S. Yoshidal2 andK. Arail2

IUltra-Low-Loss PowerDevice TechnologyResearchBody(UPR)
2PowerElectronics ResearchCenter, National Inshtute ofAdvancedIndustrial Science andTechnology
(AIST), 1-1-1 Umezono,Tsilkubr~ lbaraki 305-8568, Japan
3AdvancedPowerDevice Laboratory. R&DAssociation for Future Electron Devices (FED), 1-1-1

Umezono,TsiJkuba, lbaraki 305-8568. Japan
Tel :+8 1-298-6 1-5901,

Fax:+81-298-6 1-5402, e-mail :kazu-kojima@aist.go jp
Homoepitaxial growth on 4H-SiC (11-20) substrate grown in the [11-20] direction by sublimation

methodhas been inveshgated by low-pressure, hot
-

wall type CVDreactor with SiH4- C3H~- H2-
system. Typical gas flow rate of H2, SiH4 and C31~~were 40 slm, 6.67 scem and 3.33 sccm,
respectively. Thegrowth temperature and the reactor pressure were 1600*Cand250mbar, respectively.

Thesurface of epilayers exilibited smoothand no defects morphology with the surf:ace roughness

(Rms) of 0.14nm in 16umsquare. This roughness was smaller than that of epilayer grown on
conventional (ll-20) substrate grown in the [OOOl] direction. ByKOHetching experiment it was
found that the stacking faiilt in the substrate was replicated to the epilayer and the density of the

stacking faults wasin the order of l02 em~1. Thesurface morphologywasnot affetted by the stacking

faiilts of this density range.
Figure I showsthe x-ray rocking curve at I1-20 1~~,)reflection peak obtained from 5um-thick epilayer. ~'

. 2e = 60.9

This epilayer exhibited the sharp and single x-ray I c-axis

----' x-ray // c-axis
diffiraction peak in both x-ray incident directions of ~;
parallel and perpendicular to c-axis. TheFwrJMof ~,~'
each peak was 13.7 and 15 arcsec respectively. In ~
our previous study, epilayers grownon conventional ' ~c')

F~
(11-20) substrate exhibited spliuing and broadening (L)

~'
(FWHM~477arcsec) of the difi~~action peak in the ~~

incident direction of perpendicular to c~axis [l]. The
crystalline quality of (ll-20) epilayers is improved -200 -lOO O 100 20(

by using the substrate grown in the [11-20] CO(arcSec)
direction. Figure I .

X-ray rocking curve ofooscan
The characteristics of MOSstructure fabricated

on this epilayer will be also presented in this conference.
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Improvementof SiQ2/a-SiC interface properties by nitrogen radical treatment

Y. Maeyama. H. Yano. T. Hatayam2~ Y. Uraoka and T. Fuyuki

NamInstitute of Science andTechnology, 8916-5 Takayam~~ikom~~Nara. 630-0101, Japan
Phone:+81-743-72-6072 Fax:+81-743-72-6079 E-mail:ma-yuusu@ms.aist-nara.acjp

Si MOSFETShave good characteristics of fast switching and a low value of on-resistance (R.~)

reduced year by year. TheRof Si MOSFETShas almost reached a theoretical limit originated from
material propertics of Si. Soit is important to develop MOSFETSOnSiC to achieve further reducticn of

R~for future evoluticn in power electronics. However, it is difiicult to fabricate high peiformance

MOSFETSon SiC becauseof poor intelface chamcteristics of SiO~/SiC, In recent years, anumberof
studies have been conducted on the effect of NOannealing which improves SiQ2/4H-SiC interface

prqperties. In this study, wepropose anewmethodfor the improvementof SiQ2/a-SiC inteiface quality

by irradiation of Nradicals with high reactivity at low temperatures.

N-type 6H- and4H-SiCSi(OOO1)face epilayers with donor concentration of 2x I016cm~3
wereused.

Afier standard RCAcleaning; dry oxidation was performed at I100~Cfor 2h followed by post

oxidation aunealing in Ar at I100~Cfor 30rnin. The oxide thickness was approximately 14nm
deterrnined by accumulation capacitance in high-frequency C-Vcurves. In Nradical treatnent N2gas
(gas flow: I.25sccrn, pressure: 1-5 x l0~5Ton) wasactivated by RFpower(13.56MI{~ 230W)applied

to an induction coil. Chargedspecies, which would cause damageto the oxide film, were elirninated

frorn Nplasmawith the use of ion trap electrodes. Soelectrically neutral Nradicals were inadiated to

the suiface of the sample. Afier growing the oxide film andNradical irradiation, angle resolved XPS
(ARXPS)measurementwas canied out to estimate atomic componentsin the oxide film. MOS
capacitors with gate electrode of Al were fabricated. High-frequency (lMHz) C(G)-Vmeasurements

werepeformedto evaluate Si02/a-Si Cinterface properlles

Fig. I showsthe Si02/4H-SiC interface trap density detemainedby the Terrnan mehod.Fig, 12exte~ds

that the Nradical treatrnent reduced 'interface trap density from 6x 1012em~2eVlto 4x 1012em~eV at

the Fermi enelgy for 4H-SiC. Thereduction of inteiface trap density wasalso obseived for 6H-SiC(1 .3

x 1012em~2eV1and 5.5 x 101lem~2eV1before and after the Nradical treatrnent respectively). The
improved property was maintained afier N2 annealing at I050~C. Frorn Al~pS measurement
approximately 2Aae/oNatomswere incorporated into the oxide film. Fig.2 showsNls peakarea as a
fiJndion of deptbj which represents Ndistribuion in the oxide film. Theresult indicates that mostof N
atorns are accumulated at the surface of Si 02

.
Theimprovementof interfiace prqperties wasassumedto

be dueto intelface modification by introducing small quantity ofN radicals reached to the SiQ2/ce-SiC

interface, which could not bedetected byARXPSmeasurementdueto Iowsensitivity
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Effects of SufaceTreatnents of 6H-SiCuponMetal-SiC Interfaces

K. Abe, M. Sumitomo,T. Sumi, O. Eryl~ andK. Nakashima
Departmentof Electrical andComputerEngineering NagoyaInstitute of Technology
Gokiso, ShowE~Nagoya466-8555, Japan
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1. Introduction

Surface treatnents to obtain clean and ordered surfaces of semiconductors are basic techniques. It is

well knownthat the Hterrninated Si surfaces are obtained by HFtreatnents, and these surfaces fUnction

against chemical attacks of contanainants such as OandC, which degrademetal-Si interface quality [1]

In this study, wereport on effetts of surface treatnents of 6H-SiCuponmetal-SiC interfaces.

2. Experimental
Samplesof n-type (Nb-NA=8.6lxl017/em3) 6H-SiC (OOO1)Si-face wereused in this study. In order to

reduce scratches, as received sampleswerepolished with colloidal silica before chenrical treatnents. To
removeorganic contaminations, H2S04:H202treatment at 150 'C was poformed. Afier rinsing in

deionized water, the sampleswere dipped in boiling HF(BOHF)at 95 'C (10 min x 3sets) or in HFat

roomtemperature (30 min). SomeofBOHFandHFtreated sarnples wererinsed in deionized water. The
el emental compositi on of the surface was inveshgated by Auger el ectron spectroscopy (AES)

.
For

current-voltage C-V) measurements,A1 contacts were fabricated by thermal evaporation with a base

pressure of -3x I0~7 Torr.

3. Results andDiscussion

AES analysis indicatsxi that the main elemental

composition of the surfaces after chemical treatnents was
40

Si, C, andOatoms. Thepeak-to-peak height of the OKLL
AESpeak, which wasnormalized by the BOHFtreated A)20

sample, was1.00 (BOHF), 1.03 (BoHF+Rinse), 1. 14 (HF),

and I.25 (HF+Rinse). Afier exposing these samplesto air O
for IOOmir~ the O~Lpeak-t(>peak height changedto

1.10, 1,13, 1.25, and 1.36, respectively. From these
- O

analyses, it wasfound that the BOHFtreatment removed

Oatoms from the surface and rinsing in deionized water -40

added Oatoms to the surface In order to investigate
' -100 -50 VoltaOge

(mV)
50 100

metal-SiC intofaces, Al contacts were fabricated on the

BokF and HF+Rinse treated samples, subsequently Fig. I .
I-V characteristics ofthe BOHFand

exposed to air for IOO min. Fig. I shows I-V FDF+Rinsetreated sarnples, subsequently

characteristics of the two sanrples. Significant differences exposedto air for 100min.

werenot found betweentwo samples. Wetbink that ohmiccontacts wereachi evedbecauseof gettering

of Oatomsto Al contacts andthe sharp Ai-SiC interface formation

References
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- HF
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Hot Wall CVDGrowthof 4H-SiCUsing Si2Ck+C3118+H2System
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In these days, it has been succeededin homoepitaxial growih of silicon carbide (SiC) by

hot wall Cvousing Sil{~+c3H8+H2system. It is desired to epitaxial growth using other safety

silicon source material. Andthen, wehave grown SiC using hexaehlorodisilane (Si2C16) as a
silicon source material. Si2C16 is a safe material andwealready succeededin a homoepitaxial

growih of SiC by cold wall Cvo. In this paper, wereport homoepitaxial growih of 4H-SiCby

hot wall Cvousing Si2C16+C3H8+H2system.

A growih condition was as follows: Si2C16 flow rate is 0.3sccm~.6sccmas a silicon

source gas, C3H8fiow rate was0.2sccm-0.4sccm as a carbon source gas. H2 flow rate was
3.0slm as a carrier gas, a growih temperature were 1550'C-1650'C, a growih time were
60min-300min. 4H-SiC(OOOl)Si8.0' 1-20>0ff-axis wasused for the substrate. ASiC coated

separable cylindrical graphite blocks with square channel were used as a susceptor and a rf

generator was300kliz-20kW. The growih rate wasabout 2umfhourat Si2C16 flow rate was

O. 3sccm.

At 1550'C growih, though the shallow round pits increased at Si-rich condition on the

surface morphology of cold wall Cvo, these pits increased at C-rich condition on that of hot

wall Cvo. In hot wall Cvo the reaction gas was effectively dissociated, and generated

different active chemical species from cold wall Cvo. Therefore we got such a different

surface morphologytendency to C/Si ratio betweencold wall Cvoandhot wall Cvo.
At 1650'C growih, scratch like defects that array along to [1-lOO] direction wasobserved

(Figure I). Wethink that these defects were generated to etch the surface due to be higher the

substrate temperature. As the array direction of

these defects is cross to a direction of step

flow, these defects have any relation to step

flow. Furthermore, whenwetook out an upper

part of the susceptor block in order to

minimize the radiation heating, these defects

becamedeeper. Wethink that etching was
enhanced due to expand a temperature

gradient to between the surface and the gas
flow. Figurel : Scratch like defects at 1650'C
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Spatial mapping of the carrier concentration and mobility in SiC wafers by micro

Fourier-transform infrared spectroscopy

H. Ya uchil*, K. Narital, Y. Hijikatal, S. Yoshidal.2, S. Nakashima2,3,4, andN. Oyanagi3'4

iSaitama University, 255 Shimo-Okubo,Saitama, Saitama 338-8570, Japan

2AIST, 3FED,4UPR,1-1-1 Umezono,Tsukuba, Ibaraki 305-8568, Japan

*Tel/Fax: +81-48-858-384 1,
e-mail : yaguchi@opt.ees.saitama-u.ac,jp

Silicon carbide is a promising material for applications in high-temperature, high-power, and

high-frequency electronic devices due to its wide band gap, high saturated electron velocity, and high

breakdownelectric field. Recently, heavily doped SiC wafers have been grown in order to study the

effect of heavily doping on crystal growth and defect generation. However, heavily doped SiC wafers

are often not so uniforrn.[l] Since spatialiy inhomogeneousdoping leads to poor quality epitaxial

layers and thus to poor device performances, highly uniform doping is necessary for practical use. In

the present study, we have, for the first time, tried to investigate the spatial distribution of carrier

concentration and mobility in SiC wafers by micro Fourier-transforrn infrared (FTIR) spectroscopy.

The sample used in this study was an intentionally inhomogeneousN-doped6H-SiC wafer grown by

modified Lely method. Reflectance measurementswere carried out using a FTIR spectrometer at

room temperature. The spatial resolution was 50 um. Figure I shows typical reflectance spectra

obtained from heavily doped (a) and lightly doped (b) regions. The reflectance spectra were analyzed

using the dielectric function considering the contributions from phononsand plasmons.[2] From the

analysis, carrier concentrations and mobilities were estimated to be 7.2X 1019 cm~3(u = II cm2V~~s~])

and 9.7 X I017 cm~3(u = 73 cm2V~Is~1) for reflectance spectra shownin Fig. 1(a) and (b), respectively.

Figure 2 shows the carrier concentration profile in the inhomogeneously doped SiC wafer. The

measurementswere madeat various points along the white line in the photograph taken with a
transmitted light, where dark areas correspond to heavily doped regions. Our results demonstrate that

the micro FTIR is a useful and nondestructive technique to characterize the spatial distribution of

carrier concentration and mobility in SiC wafers.

[l] J. C. Burton et al., J. Appl. Phys. 84 (1998) 6268.

[2] H. Harima, S. Nakashimaand T. Uemura,J. Appl. Phys. 78 (1995) 1996.
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Characterization of inclusions in SiC bulk crystals grownby modified Lely method
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IR&DAssociatibn for Future Electron Devices (FED), AdvancedPowerDevice Laboratory,
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,
Umezono,Tsukuba, Ibaraki, 305-8568, Japan

2National Institute of Advanced Industrial Science and Technology, Power Electronics

ResearehCenter (AIST, PERC)
3Ultra-Low-Loss PowerDevice TechnologyResearchBody(UPR)
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There have been the intense demandsof ahigh quality silicon carbide (SiC) single crystal.

Howeverthe quality still needs further improvement, because the crystals still contain a
numberof inclusions and defects. It is important to define the origin of the inclusions and the

defects in bulk crystals to obtain a high quality bulk SiC single crystal. In this work, wehave
investigated two types of the inclusions, which have not beenreported. Theywere dendrites,

which consist of carbide of transition element, and the transparent inclusions with oval like

shape, which were the origin of misoriented crystals.

6H-SiC bulk crystals were grown in the inductively heated furnace by modified Lely

method. Commercial SiC abrasive with or without a chemical treatment were used as the

source powder. The growth wasperformed in a high purity argon ambienceat IOTorr. The
temperatures of the top and bottom of the crucible were 2200"Cand 2250"C, respectively.

The inclusions in the SiC bulk crystals were characterized with optical microscope and

EPMA.
Thedendrites were observed only in the SiC bulk crystal grownwith the source powder

without the chemical treatment. Thecomponentsof the dendrites were measuredby EPMA
Thedendrites consisted of carbon, vanadiumand titanium, which molar fractions were 0.4 1,

0.36 and 0.23, respectively. Silicon was not almost contained in the dendrites. It was
considered that vanadiumand titanium were incorporated into the SiC bulk crystals from the

source powderand then the dendrites were generated by condensation of titanium carbide

and vanadium carbide during the growih. Use of high purity source will prevent such

generation of dendrite. Vanadiumis used as the dopant of semi-insulating SiC single crystals.

Such generation of the dendrites is a serious mater in the growih of the high quality

semi-insulating SiC bulk crystals. The transparent inclusions with oval like shape are

observed in the SiC bulk crystal grownwith the chemical treated source powder. Misoriented

phases mainly originate from these transparent inclusions. The inclusions had a small core

on the optical microscopic observation. Fromthe result of EPMA,the componentsof this

small core consisted of carbon and silicon, which molar fractions were 0.67 and 0.33,

respectively. Although the other part of the transparent inclusion also consisted of carbon and
silicon, their molar fractions were 0.50 and 0.50, respectively. The transparent inclusions

were considered to be the misoriented SiC phase, which was grown around a carbon-rich

core.

This work was financially supported by METIpartly through NEDO.The authors thank

Mr. M. Okadafor his help onEPMAanalyses.
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TemperatureDependenceof Sublimation Growthon 6H-SiC (1 120) Substrates

Taro Nishi uchi, Yasuichi Masuda,Satoru Ohshimaand Shigehiro Nishino
Departmentof Electronics and Information Science, Kyoto Institute of Technology

E-mail: nishig5t@dj.kit.ac,jp, nishino@ipo.kit.ac.jp

1. Introduction
Crystal growih on (1120) substrates is strongly focused due to the high chaunel mobility of

MOSFET[l] and the low leakage current of schottky diode [2]. Since crystals of SiC has been
conventionally grown on (OOOl) substrates, crystal growih on (1120) substrates has not been
researched sufficiently. To growhigh quality crystals on this plane, further investigation of growih
mechanismis important. Therole of "low-temperature growih process" insertion wasinvestigated.

2. Experiment
Crystals were grownby the sublimation method. (1120) substrates were prepared by cutting

the boules previously grownon (OOOl) substrates. The source material wasabrasive SiC powder.

Temperature at the bottom of the crucible (Tb) wasmonitored by optical pyrometer. Crystals were
grown in argon or nitrogen atmosphere. Growih pressure (p) wasapproximately 40 Torr. Suface

wasobserved by optical microscope, scanning electron microscope andatomic force microscope
3. Results andDiscussion

Figures (i) and (ii) are the surface morphology of the crystals grownon (1 120) substrates in

nitrogen atmosphere. Figure (i) is a crystal which grownat Th=2400'C andp~tO Torr for I hour.

The surface was undulated. By introducing a "low-temperature growth process", surface flatness

wasimproved as shownin Figure (ii). Acrystal shownin Figure (ii) wasgrowaat Th=21OO'C and

p=100Torr for I hour before growing at Tb=2400'C and
p=40 Torr for I hour. Insertion of this "low-temperature
growih process" waseffective to improve crystal quality.

Since (1 120) surface has a higher surface energy, an
"adhesive" type growih is dominant than step flow growih,
So, it is important to grow crystals in two-dimensional

modeon (1120) substrates. If crystals grow in three-

dimensional mode,hollow core defects would be produced
[3]• To grow crystals in two-dimensional modeon (1 120)
substrates, atomically flat and defect free surface is key.
since nucleation would preferentially occur at defect sites

on the surface. At lower growih temperatures, surface

diffusion length of migrating species becomeshorter and
smaller islands nucleate with high density. This high
density nucleation of islands enables the homogeneous
coalescence at initial stage of the growih with low defect

formation. In this way, flat surface with low defect density

which is important to realize two-dimensional growth on

(1120) substrates wasachieved. Thedifference betweenthe

growih in nitrogen atmosphere and in argon atmosphere
will be also presented at the conference.

References
[1] H.Yanoet al., Jpn. J. Appl. Phys. 39 (2000) 2008.
[2] T.Kimoto et al., Mat. Sci. Forum338-342 (2000) 189.

[3] T.Nishiguchi et al., in abstracts ofICSCRM2001.
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Figures. Optical microscope images of the

crystals grown on (1 120) substrates in

nitrogen atuosphere.
(1) I hourgrowth at Th=2400'C,p=40Torr.
(il)1 hour grown at Th=2100"C,p=]OOTorr
("low -temperature growth process ~, followed
by / hour growth at Th=2]OO'C,p=40Torr.
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VaporPhaseEpitaxial Growih ofn-type SiC Using Phosphineas the
Precursor

RonglunWang,Ishwara Bhat andPaul Chow
Electrical Computerand SystemsEngineering Department&

Center for Integrated Electronics and Electronics Manufacturing
Rensselaer Polytechnic Institute, Troy, NY12180

Tel: 518-276-2786, Fax: 518-276-2433, Email: bhati@rpi.edu

Thematerial properties of SiC makeit an interesting semiconductor for devices operating
at high temperature, high power, and high frequency. As the developmentof device proceeds, the
demandson the quality of the epitaxial layer and the doping controllability are rapidly increasing.
Nitrogen and phosphorous are the most commonn-type dopants in SiC. While nitrogen doping
and its incorporation mechanismsduring epitaxial growih have been studied extensively by
several groups [1-3], not much research work has been reported on in-situ doping using
phosphorous.

Wehave carried out phosphorous doped SiC epitaxial growih in a horizontal, water-
cooled cold wall reactor. Experiments were performed at temperatures ranging from 1500-
1620'C. Silane (20/0 in H2) andPropane(2o/o in H2) and phosphine (1000ppmin H2) were used as
Si, Cand Pprecursors, respectively. Substrates were (OOO1)Si-face 4H-SiC and 6H-SiC from
Cree. The epitaxial layers were characterized by mercury probe CVmeasurementsand SIMS
Thedoping dependencieson PH3flow, growih temperature and C/Si ratio were studied.

The influence of PH3 flow on phosphorous doping was investigated at 100 torr and
1560~C. Flow of H2, SiH4 and C3H8were fixed at 7slm, I sccmand I .2 sccmrespectively. It is

shownthat the n-type doping concentration in the range of mid 1015 cm~3to mid 1016cm~3can be
achieved whenPH3flow was varied from O.05 sccm to I sccm. Also the increase of doping
concentration is approximately proportional to the square root of PH3flow. Study on the effect of
growih temperature showedthat phosphorous doping decreased whentemperature is increased
from 1500to 1620~C.This wasexplained by the enhanceddesorption ofPhosphorous-containing
species on the growih surface at higher temperature. Thesite-competition growih wascarried out
with C/Si ratio varied from O.3 to 14. It was shown that phosphorous incorporation was
insensitive when C/Si was higher than 3 or lower than O.9. However, the phosphorous
incorporation increases with decreased C/Si ratio when CISi is between 3 and 0.9. This is

opposite to what has been reported in reference [4]. Thedifference might originate from different

growih conditions (pressure, H2 flow, etc.). Our result seemsto suggest that phosphorousmight

occupyCsite rather than Si site at certain growih conditions.

References
[1] T. Yamamoto,T. Kimoto andH. Matsunami. Mat. Sci. Forum264-268 (1998), p. I I l
[2] J. Zhang, A. Ellison, A. Henry, M.K. Linnarsson andE. Janzen. J. Crystal Growih226 (2001),

p.267
[3] T. Aigo, M. Kanaya, M. Katsung, H. Yashiro and N. Ohtani. JapaneseJournal of Applied
Physics, Part 1, vol. 40, no. 4A, p. 2155
[4] D.J. Larkin. Phys. Stat. Sol. B202 (1997), p.305
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ASimple MappingMethodof Elementary ScrewDislocations in Low-doped
HexagonalSiC Epitaxial Layers

SeoyongHal, William M. Vetter2, Michael Dudley2, andMarekSkowronskil

ICamegie Mellon University, Department of Materials Science and Engineering, 5000 Forbes
Avenue, Pittsburgh, PA15213, USA,1-412-268-2710, 1-412-268-7596 (Fax), mareks@cmu.edu
2State University of NewYork at Stony Brook, Departrnent of Materials Science and
Engineering, Stony Brook, NY11794, USA

The morphologies of etch pits of three different kinds of dislocations in low-doped
hexagonal polytype epitaxial layers have been investigated by KOHetching, synchrotron white

beamx-ray topography (SWBXT),optical microscopy, andatomic force microscopy (AFM). A
simple methodby KOHetching and polishing for monitoring elementary screw dislocations in

SiC epilayers is proposed.

Elementary screw dislocations are knownto reduce the breakdownvoltage of SiC p-n
junctions and Schottky barriers. There are major efforts underwayin reducing their density in

both substrates and subsequent device layers. To do so, it is important to have or to develop a
methodfor characterization of screw dislocation density anddistribution

The samples examined in this study were 4H-SiC wafers oriented 8' from the LOOOl]
toward the 1120> directions with IOumthick epitaxial layers, and an on-axis n+ 4H-SiC
substrate. The low-doped (-1015 cm~3) epitaxial layers were grown on (OOOI) Si surface of
substrate by vapor phase epitaxy (VPE) at a low pressure (- IOOmbar). Epilayers were etched
in molten KOHto reveal the locations where dislocations intersect the (OOOl) Si surface. The
shapes of etch pits were analyzed by optical microscopy and AFM. The etch pits of threading
dislocations were hexagonal in shape and had two distinctly different sizes. The larger ones
were more symmetric than the small ones, implying the dislocations of small etch pits were
inclined. The etch pits of basal plane dislocations were oval-shaped, suggesting small angle

formed by the dislocation line with the surface. Three different etch pits could be distinguished

under optical microscope at x200 magnification, owing to the difference in etch pit depth clearly

visible using Nomarski differential interference optics. AFMstudy of lightly etched layers

showedthe large pits of threading dislocations are approximately twice as deep as the others.

The large pits in etched morphology correspond one to one to the white dot contrasts of
elementary screw dislocations in the SWBXTimage. Etched epilayers were carefully polished
with 6umdiamondpaste. It waspossible to removea top layer ofthe structure leaving only the

etch pits due to elementary screw dislocations. Thesamemethodwastested on the on-axis n
substrate. Theetch pits were all circular and in several different sizes, making it very difficult

to distinguish edgeandscrew dislocations.
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Power Schottky and p-n diodes on SIC epr waferS With reduced
micropipe denSity

A S rkin(1), V. Dmitriev(1), I~ Yakimova '
,
A. Henry(3) andE Janzen(3 4)(24)

(1)Technologles andDevices Internationa/, Inc.
,

Gaithersburg, MD20877, USA
(2) North Carolina State University, Raleigh, NC27695-79]9
(3) Ohlnetic AB, S-581 83 Linkoping, Sweden
(4) Linkoping Universty, IFM, S-581 83 Linkoping, Sweden
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e-mail :asyrkin@tdii

, com

Micropipe density reduction and its impact on device performance is a critical topic in SiC power

device development. In this paper we report on 2mmdiameter devices fabricated with high

device yield on 2 inch 4H-SiC wafers with reduced micropipe density (RMD). Both Schottky

andp-n diodes were fabricated on epitaxial layers grownon SiC RMDwafers.

Micropipe filling process wasdone on (OOOl)Si face of off-axis commercial 2 inch 4H-SiC

substrates with standard micropipe density. Micropipe density after the filling did not exceed

lO cm~
.

4H-SiC device epitaxial layers about 10 microns thick with concentration

Nd-N. -1015 ~ 1016 cm~3were consequently grownby CVDmethod. Schottky diodes without edge

termination were formed on the CVDIayers by Ni (- 15 nm) evaporation and consequent gold

deposition (-O.5 um) in the sameevaporation run, to ensure goodspreading of electnc current

P'-layers for p-n diodes were grown on the CVDn-type layers by sublimation method.

Uniform p-type sublimation epitaxy for 2" SiC wafers wasdemonstratcd for the first time. Mesa

structures for pn diodes were formed by reactive ion etching.

Diodes of 2000, 1000, 500 and 200 umdiameter were fabricated. For more than 580/* of

2mmdiodes, the leakage current was less than I uA at 300 V reverse voltage. For more than

500/0 of 2mmdiodes reverse voltage exceeded600 V. Forward IV characteristics had a turn-on

voltage of about 1.25 Vand state-on resistivity of about 4~. On-state resistance wasdetermined

by doping level of the substrate and can be reduced by diode parallel connection.

Reverseblocking voltage for 2mmpn diodes of over 700 Vwasobtained. For both Schottky

and pn diodes electric breakdown at device periphery was frequently observed. These results

showhigh potential of micropipe filling technology for power device development, especially for

large area (>3 inch) SiC wafers. Device and material characteristics will be presented and

discussed.
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OXIDATION-INDUCEDCRYSTALLOGRAPHICTRANSFORMATIONIN
HEAVILYN-DOPED4H-SiCWAFERS

B.J. Skrommeand K. Palle

Departmentof Electrical Engineering and Center for Solid State Electronics Research
Arizona State University, Tempe,AZ 85287-5706

C.D. Poweleit

Departmentof Physics andAstronomy, Arizona State University. Tempe,AZ 85287-1504

W.M.Vetter andMDudley
Departmentof Materials Science andEngineering

State University of NewYork at Stony Brook, Stony Brook NY11794 ~~75

K. MooreandT. Gehoski
Physical Sciences ResearchLab., Motorola. Inc., 7700South River Parkway, Tempe,AZ85284

Crystallographic stability of SiC during processing and device operation is of concern,
particularly becauseof the recent discovery that 4Hto 3Cpolytype conversion can occur under
carrier injection in apn junction. Wehave discovered a pronouncedcrystalline instability in 4H19

SiC wafers dopedwith unusually high levels of N (nominally 0.008 ~-cmresistivity, -3xlO
cm~3donors) whenthe wafers are subjected to a standard oxidation cycle. A total of seven such
commercially obtained wafe3rs (from five different boules), having -2 umthick epitaxial layers

dopedat the 1-1.5xl017 cm~ Ievel with N, were thermally oxidized at 1150 'C for 90 min. in dry

02 to a thickness of -325 A. Their surfaces appearednonnal and smoothprior to oxidation, but

immediately after oxidation exhibited dimpled regions, usually in the centers of the wafers and
surrounded by apronouncedridge roughly 2umhigh. Thesharp ridges separating dimpled from
undimpled regions generally coincide with the edges of the moreheavily-doped centrai (dark)

regions in the substrates. Those regions presumably correspond to the (OOO1)growth facets in

the substrate boule. Sometransformed wafers were characterized by confocal micro-Raman
scattering, synchrotron-based white beamX-ray topography (SWBXT),and photoluminescence
(PL). In addition, we fabricated Schottky diodes on three wafers using Ti, Ni, and Pt and
characterized their barrier heights by current-voltage (1-V) and capacitance-voltage (C-V)
methods. The barrier heights are uniformly lower in the dimpled regions by about 0.47 V
comparedto the peripheral, undimpled regions of each wafer, independent of the Schottky metal
(even though the barrier heights differ by up to 0.6 Vamongthe metals). Idealities of the diodes

are actually better in the dimpled regions than in the undimpled regions, and the epilayer doping
does not vary between dimpled and undimpled regions after transformation. The SWBXT
images showa dense cellular structure of dislocations only in the central, dimpled regions, but

were not able to detect any 3Cmaterial. TheRamanmeasurements,which sample about the top

2umof each sample, showphononscharacteristic of 4H-SiC in both dimpled and uhdimpled
regions, but a markedenhancementin the relative strength of several modesincluding A1(LO) in

the dimpled regions. The PL measurements, however, show a dramatic shift in the highest

energy peak at 300 Kfrom the usual 4Hposition of 3. 16 eV in the undimpled peripheral regions

to 2.42 eV in the dimpled areas, suggestive of 3Cregions or lamellae (which maybe too small to

detect by Ramanor topography). The3Cregions could also explain the reduced Schottky barrier

heights. Transmission electron microscopy and low temperature PLare in progress to clarify the

nature of the transformation. Possible causes will be considered. This effect maylimit the

maximumdoping that can be employedin n-type substrates.

This work wassupported by the National Science Foundation under Grant No. ECS0080719,

andby aMotorola SemiconductorProducts Sector SponsoredProject.
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Observation of planer defects in 2inch SiC wafer

H.Tanaka, T.Nishiguchi, M.Sasaki and S.Nishino
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Matsugasaki, Sakyo, Kyoto 606-8585, Japan
Tel: +81-75-724-741 5, Fax: +81-75-724-7400

E-mail: tanaka7h@djedu.kit.ac.jp, nishino@djedu.kit.ac.jp

SiC bulk crystal has beengrownby the sublimation method. Thedefects such as micropipe
(MP) and planer defect (PD) can cause serious problems for device performances. Therefore,
it is important to reduce these defects for the realization of high device performance.

Diameter of the substrate was40mm.As the crystal grew 15mm,diameter wasexpanded
to 50mmby the sublimation method. Topof the grownbulk wasconvex and facet appeared in

the center. Three SiC wafers were cut out from the bulk. These wafers were almost

transparent and observed by optical microscope (transmission mode)to investigate the PD
distribution in the wafers. In each wafer, nine points were measuredfrom the edge to the

center.

Thoughthe shape of PDwas all hexagon, not all PDwere regular hexagon, e.g. distorted

hexagon, triangle, parallelogram and so on. The larger crystal grew, the less PDdensity

(PDD)became.ThePDDat the edge region wasalmost sameas that at the center region. The
MPdensity of the edgeregion wasless than that of the center region.

Figurel shows the distribution of PDsize (PDS) in each wafer. The PDSclose to the

substrate wassmaller than that near the surface. ThePDSwassmaller at the edge region than
that of the center region. Before the growih, the growih surface was flat. Onthe flat surface,

crystal grew mainly toward c-axis direction, and PDexpansion was restricted. However, as
crystal grew larger, growih surface

5oooo """"--'---""""'~'~~~~~~~~~~~~~"~~~~~'~"'----""'--"""""""""""""""'

becameconvex. In this case, growih
45000 -1-toptoward a-axi s di recti on became -Jl- middl'40000

rapidly. So, in this region PDwas - -f - b.tt.' 35000easily expandedlaterally -
At several points MPannihilation

'NE 30000
' ~i 25000by PD was observed. There were u9

three waysofMPannihilation, i.e. the S20000

i\annihilation of MPunder PDat the 15000 .l~ J\
center region of PD, at the edge I oooo l

. / ~~region of PDand adsorption of MP sooo iL

.- -'~lr:- ~' \/..
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centefCharacterization of wafers by X-ray
diffraction, Ramanspectroscopy and Figurel. Thedistribution ofPDSin SiC wafers
KOHetching will be presented.
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Growthand characterization of three-dimensional SiC nanostructures on Si

V. Cimalla. K. Zekentes
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SiC is known to be a promising candidate for high power. high temperature and high
t~requency devices. SiC based nanostructures could result in newand improved properties.
phenomena.and processes and thus expand the potential to newoptical. high-f'requency and
photonic applications.

In this work wepresent a study of morphological properties of SiC islands on Si and of three-
dimensional SiC-Si nanostructures. SiC was grown on (OO1)Si by a pure carbonization

process in a molecular beamepitaxial system using an electron gun evaporator as carbon
source. At constant temperature. the SiC islands were generally growing in a three
dimensional mode. At high temperatures above 800'C the nucleation density was increasing

up to an effective coverage of around one tenth of a monolayer and remains constant after.

Theneed of Si fbr the SiC tbrmation as well as the Si evaporation results in a depletion of the

area surrounding the SiC islands. As a result well resolved pyramids with a f~our t'old

symmetryare t'orming on on-axis substrates with SiC nuclei on the top. These pyramids are
tilted on off-axis substrates and therefor non-symmetric. The SiC islands are growing
downwardsalong the four edges. fbrming facets and maintaining the symmetry of the
pyramids. In contrary. at low temperatures islands are growing faster laterally in a quasi two
dimensional moderesulting in an early coverage of the surt~ace and preventing the f'ormation
of pyramids. The size of Si pyramids can be enhancedby pre-deposition of I MLGeprior to
the carbonization. The saturation nucleation density in dependenceon temperature. carbon
flux and Ge pre-deposition was estimated and the activation energies extracted. Possible
applications t~or the high-temperature-grown three dimensional SiC-Si structures will be
discussed.
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Fig, I Evolution of SiC islands on Si at a carbon flux of l0~13 cm~~s~: a) Grain density versus
time at 900"Cand b) Grain size versus growih temperature after 180 s growih.
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Characterization of 2inch as GrownSiC Bulk by SWBXTat SPring-8

M.Sasaki A.Hirai, T.Miyanagi, T.Furusho, T.Nishiguchi, H.Shiomi' and S.Nishino

Kyoto Institute of Technology, Matsugasaki, Sakyo, Kyoto 606-8585, Japan
Tel: +81-75-724-7415, Fax: +81-75-724-7400

SiXONLtd., Saiin-hidericho 27-1
,

Ukyo, Kyoto 615-0065, Japan
E-mail: sasakil m@djedu.kit.ac.jp, nishino@djedu. kit.ac.jp

There are few reports of research of SiC as grown bulk crystal without the surface

morphology. So, wecould research SiC bulk crystal using facilities at SPring-8 (BL28B2)
Since the SRbeamat SPring-8 has 8GeVelectron beamenergy. SRbeamtransmits even
2-inch SiC bulk crystal and we can observe SWBXT(Synchrotron White BeamX-ray
Topography). Weprepared 2-inch 6H-SiC bulk, which wasmadeby sublimation methodon
(OOO1)6H-SiCsubstrate. Theheight of sample is about 22mmand the shape is shownin Fig. l
The distance from sample to the film is about 300mm,the exposure time is a few seconds

Thedirections of incident beamwere I- IO0>and 11-20> and the size of incident beamwas
2mmx 2mm.The Laue pattern was2fold symmetryand the Laue spots becamerectangle.

Wecan investigate defects easily by the

Laue pattern and spots. If the sample is
Incident beam Growth

perfect 6H-SiC crystal, these Laue spots (a) -~ direction
have no contrast. But if the defects exist in

(b) -~:the crystal. Lauespots are inhomogeneous.
(c)

Fig.2 and 3 show the Laue pattern and
topography. The contrast of Laue spot of ---~the sample was enlarged as shownFig.3. Fig. I Theshapeof the sample

The incident direction and diffracted planes ~=
were and (1 1-20).

Since the shape of bulk crystal is like

Fig.3, the transmission length and the

length oftopography imageare different by
the measurementpoints.

Fromthis fi gure, the contrast decreases as
growing and the image of Fig.3 (c)

undulates direction. We can
confirm the defects in the crystal decrease

as growing. (a) near the surface of bulk

Fig.2 Lauepattern of 6H-SiCbulk crystal

(b) side of bulk

(c) near the bottom area of bulk
Fig.3 Topographyof 6H-SiCbulk crystal
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Theneutral SilicOn Vacancyin SiC: Ligand hyperfine interactiOn

Mt Wa erl) NQThinhl), N.T. Sonl), P.G. Baranov2) E.N Mokhov2), C. Hallinl), W.M,*Chenl) andE Janz6nl)

l~)ept. ofPhysics andMeasurementTechnology. LinkOping University. SE-58183
Linktping. Sweden

2)A.F. Ioffe Physico-Technical Institute, Russian Academyof Sciences
Polytechnicheskaya 26, St. Petersburg, 194021. RUSSIA

Tel.: +46-13-282629. Fax: +46-13-142337, e-mail: nl~~~~~@i~~11J~

Thesilicon vacancy Vsi in SiC is of great interest both theoretically as oneof the fundamental
intrinsic defects andpractically, becauseit is created in device processing steps like ion
implantation. Vsi can exist in various charge states within the bandgap, but adefinite
chemical identification has so far only beenpossible for the negatively charged silicon

vacancy. This waspossible by the observation of ligand hyperfine interaction with 13Catoms
in the nearest-neighbour (NN) shell andwith 29Si atoms in the next-nearest-neighbour (NNN)
shell in electron paramagnetic resonance (EPR)experiments.

Theneutral silicon vacancy has beenobserved in optically detected magnetic resonance
(ODMR)experiments in electron irradiated sampleswheneither oneof the
photoluminescence (PL) bands in the near infrared called VI.

V2andV3 in 6HSiC andV1,
V2 in 4HSiC wasresonantly excited with a Ti:Sapphire laser [1]. This numberof lines arises
from the corresponding numberof inequivalent lattice sites onwhich the defect can reside in
the two polytypes. Aspin triplet state with the characteristic hyperfine signature of the NNN29Si atomswasobserved by monitoring eachPLband. However,due to low signal intensity
the hyperfine interaction with the 13Catoms(only I . 11o/o natural abundance)in the NNshell
could not be resolved. Already in the 1980's triplet EPRsignals with a similar crystal field
splitting hadbcenobserved afier the sampleshadbeen illuminated [2]. At that time the
signals were attributed to distant vacancy pairs. Morerecently such lines were reported even
mEPRexperiments in dark, even though there the spectra weredominatedby the signal from
the negative charge state of the silicon vacancy [3]• Noligand hyperfine interaction could be
resolved.

NewODMRexperiments on a 13Cisotope enriched sampleandon high quali epitaxial~films nowrevealed these 13Chyperfine lines. Thehyperfine parameters of Au ~ 28 Gand
Aic ~ 11G(with slight variations dependingon polytype and latuce site) for interaction with
the NN13C-atomsandASi = 3.0 G(isotropic) for the NNN29Si-atoms

are very similar to the
ones found for the silieon vacancy in its negative charge state. This confirms that the spin
triplet observed in ODMRoriginates from the 'isolated' silicon vacancy.

References
[1] E. SOrman,N. T. Son, W.M. Chen, O. Kordina, C. Hallin, andE. Janz6n, Phys. Rev. B
61, 2613 (2000).
[2] V. S. Vainer andV. A. 11'in. Sov. Phys.-Solid State 23, 2126 (1981).
[3] H. J, vonBardeleben, J. L. Cantin, I. Vickridge, andG. Battistig. Phys. Rev. B62, 10126
(2000).
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Thedeep boron level in high voltage pin diodes.
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Growthof AIN films by Hot-Wall CVDand Sublimation Techniques: effect of
growth cell pressure

A. Kakanakova-Georieva, U. Forsberg, B.
Magnusson.R. Yakimova,E. Janz6n

DepartmentofPhysics andMeasurementTechnology, Linkoping Universty,
S-581 83 Linkeping, Sweden,

tel: +46. 13. 282649,fax: +46. 13. 142337; e-mail: anelia@Ifu. Iiu. se

Thedemandof using AlN in manyapplications such as short wavelength optical devices and
SiC basedFETSis increasing but the perfection of the films is still limited mainly due to the
difficulty of N incorporating, the strong reactivity of Al, gettering impurities from the

ambient, and the lack of lattice matched substrate material. A Iot of efforts have being
directed towards developing better AlN synthesis methodsbut still the route to device quality

material is not clear.

In this study hot-wall Cvoand sublimation epitaxy were used that can provide high growth
temperatures advantageous for the AlN deposition. The pressure inside the growih cell can
influence the growth of AlN films and their properties such as thickness, morphology, and
luminescence. In the Cvoexperiments the growih cell pressure wasset to IOOO,IOOand 50
mbar while the temperature was kept at 1200'C. Sublimation growth process experiments
occurred at temperature of 21OO"Cat the source under nitrogen pressure of 200, 500 and 900
mbar. Characterization techniques used were SEM,cathodoluminescence (CL) and infrared

reflectance.

At low growih cell pressure in the Cvoexperiments thick AlN Iayers with smoothsurfaces,

which produce interference fringes in the reflectance spectrum (Fig. I,
50 mbar) were

obtained. AlN films grownby sublimation consist of grains with height of up to 90 um(Frg
2). The change of the pressure at this temperature does not influence substantially the

microstructure of the sublimation grownfilms except for the enlargement of the grains

IOOubllr

loeO mbdlr

600Q 5OCO

Fig~ I Infrared Reflectance of AIN
CVDIay'ers grownat different cell

AINR~t~lb'
Pressure

,/ Fig! 2 SEA/ image in cross-
section tahen from the

sublimation grownlayer at
l 200mharsic lwtrh' B"'d

3000 2oco rooe

FM*~,'i~

CL panchromatic images with boundaries of dark contrast were taken from the films

produced in either of the two deposition methods. Our results showthat under conditions of
moderate growth cell pressure (lOO mbar in the Cvoand 200 mbar in the sublimation
experiments) both processes give good quality material AlN films in which the near band
edgeemission in the CLspectra appears.
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A method of reducing microplpe uslng metal maskby the
sublimation growth

N. Oyanagil,3,S. Nishizawa ~ and K. Arai2.32',

1R&DAssociation for Future Electron Devices, AdvancedPowerDevice laboratory,

AdvancedPowerDevices Laboratory (FED)
2National Institute of AdvancedIndustrial Science andTechnology,

PowerElectronics ResearchCenter (AIST, PERC)
3Ultra-Low-loss PowerDevice TechnologyResearchBody(UPR)

doAISTTsukubaCentral 21-1, Umezono1-ChomeTsukuba-shi, Ibaraki-ken
305-8568Japan

TEL: +81-298-61-5397, FAX: +81-298-61-5402, E-MAIL: n-oyanagi@aist.gnjp

The silicon carbide substrate produced by the modified Lely methodgenerates a lot of
micropipe in the growth process even if lely crystal was used for a seed crystal. And the Lely
methodcannot obtain large diarneter substrate.

For this reason whenweproduce the large diameter substrate, the crystal with manydefects enlarged

from the Lely crystal needs to be used as a seed.

Since the micropipe propagates to the growncrystal, it is difficult to reduce the micropipe.
In this study, wetried to use metal maskto cover the micropipe. This wayseemsto be similar to the

epitaxial lateral over growth methodthat can reduce the spiral dislocation, by forming and carrying

out lateral over growih on the mask.
Themodified Lely crystal wasused for seed crystal with a thickness of 0.8mm.

After the seed crystal wasperformed organic washing and acid washing, the metal maskwasformed
by the electron beamdeposition method.
The metal used for deposition is Wand Pt and the

thickness of maskis 0-1 OOA.

Then, the modified seed crystal was fixed to the

graphite lid.

Thegraphite crucible wasfilled up with SiC powder,
and was overheated to 2200 degrees C with the

graphite lid.

Thegrowih pressure wasIOOTorr.

The grown crystal was evaluated by the polarizing
optical microscope.

Figure I shows the cross-sectional

transmission microscope photograph near the

interface of a seed crystal and a growih crystal with
the thickness of the metal maskabout IOOA.

It was clearly shown that micropipe stops at the
150u

interface betweenseed crystal and growncrystal, on
both WandPt cases.
The micropipe density was measured with a

Fig.1 Cross-sectional photograph
of the crystal using platinumpolarizing optical microscope.

Weconfirm that the micropipe density in grown
crystal decreases 500/0 than the micropipe density in seed crystal..
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Atomic steps observation on 6Hand 15R-SiCpolished surface.

PVrcentel2 E Pernot D Chaussendel,3, J. Camassel2.

1: (corresponding author) NOVASiC.Savoie Technolac, BP267, 73375Le Bourget du Lac
C6dex(France), Fax : 33 479 24 45 17Email : vicente novasic.com

2: Grouped'Etude des Semiconducteurs, Universit6 Montpellier 2, cc074, 34095Montpellier

Cedex5(France).

3: Laboratoire des Mat6riaux et du G6nie Physique, UMRn' 5628, INPG,BP46, 38402 St

Martin d'H~res Cedex(France).

6H-SiCbulk is widely used as a substrate for growih ofIII-Nitride epitaxial layers The smaller

lattice mismatchbetweenG~Nand SiC comparedto G~Nand sapphire, and the high thermal
conductivity makes6H-SiC a promising substrate for nitride growih. Surface preparation

before the epitaxial growih is a critical step, because every defect on the surface of the

substrate is a potential source for a defect in the epitaxial layer. In a sirnilar way, the surface

roughness can be a linriting factor for the roughness of the epitaxial layer surface. The most
recent SiC polishing process, produces atomically flat surface, free of scratch and darnaged
layer [1].

Figure a) showswith Atomic Force Microscopy the presence of atomic steps on a O' 8' off
axis 6H-SiC surface (with I . 5ARMSroughness). Figure b) showsthe corresponding profile

through the steps (with step ofabout 2.5 Ain hight and 110nmin length)

a) b)
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Due to an advanced polishing surface preparation, bi-layer atomic steps has been revealed

both on 6Hand 15R-SiC. Bysynchrotron X-ray topography. Ramanspectroscopy and atomic
force microscopy wehave established the strong correlation betweenthe polished surface and
the bulk crystalline quality. For instance, grain tilt and twist can be evidenced by step length

and direction.

L1] J. Camassel, P. Vicente and L. Falkovski, Optical Characterization ofSiC Materials: Bulk
andImplanted Layers, Materials Science ForumVols 353-356, 335 (2000).
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CVDSiC poWderfor high purity SiC Sourcematerial

SEzaki MSart0'2, K.Ishin0'3
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Recently, the need to the high purity SiC source material has been increasing in order to grow
high quality SiC single crystal.

SiC powderwhich madeby Achesonmethodhas beenused basically as this kind of raw
materials and has beenapplied for abrasives and refractory.However the current powderhas no
cleaning way other than acid dipping or somesimilar treatment. Lots of reseachers studying
single crystal SiC have been noticing the limitation of purity in the current raw material.

Thereuponwedeveloped high purity CVDLSiCpowderfor single crystal SiC. Tbi spowder is

madefrom CVDLSiCpolycrystal plate by crushing it directly. The result of the purity of the
powder(A) is quite good rather than current powde~B)especially in Fe, Ni.A1,Ti as shownin

Table I .

As shownin Fig, l, the powder diameter distribution ranges from 1000 micron to 200
mrcronmpowder(A) and200 micron to 50 micron in powder(B). This powdersource(A) will be a
goodprecursor for getting sinlge crystal SiC by sublimation method.

Table 1: Impurity of SiC powder(by ICP-AES)

Powdertype
EIements(ppm)

Fe Ni Ca AI P B Na K Ti V Zr

(A) CVl~SiCpowd;r
after crushing 1 O.1 O.1 O.1 0.1 1 l 1 1 1 O.1 1
High Purity SiC

(B) Powderby
Currcnt 5 0.8 o. 5 14 1 0.4 1 3.5 o. 7 o. 4

Achesonmethod '2

3CSIC beta type 6H-SiCalpha type

IOO

80

-~ 60
g
!1.40
~

20

O
o

(B) (A)

200 400 600 800 1000 1200 1400

Diameter(micronlneter)
Fig.1 : Powderdiameter distribution
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PLDBNas an Annealing Capfor lon Imp]anted SiC
S. Stafford, L.B. Ruppalt, D. Yuan, R.D. Vispute, T. Venkatesan, and R.P. Sharma

University of Maryland, Physics Dept., College Park, MD20742
K.A. Jones, M.H. Ervin, K.W. Kirchner, T.S. Zheleva, M.C. Wood,B.R. Geil, and

E. Forsyihe

AnnyResearchLab, 2800PowderMill Road, Adelphi, MD20783
p: (301) 394-2005, F: (301) 394-4562, kajones@arl.army,mil

Planar SiC devices are fabricated using ion implantation becausethe rates of

diffusion of dopants into SiC are too low even at temperatures as high as 1800'C to be

technologically useful. Theimplanted dopants have to be activated by ahigh temperature

anneal, and at the temperatures at which the dopants are activated, silicon evaporates

preferentially from the SiC Iattice. Wehave shownthat the activation of the n-type

dopant, nitrogen, is essentially complete at 1600'C with no surface degradation due to

silicon evaporation whenweused an A1Ncapl. However, at temperatures > 1600'C the

AlN evaporates creating hexagonal holes through which the silicon can now
preferentially evaporate2. Unfortunately, the p-type dopants, Al andB,

require

temperatures at least as high as 1700'C for their complete activation3. Thus, a cap must

be found to withstand temperatures this high and still retain the necessary qualities of the

AlN cap, which are: 1) retains coverage of the SiC surface during the anneal, 2) does not

react with the SiC surface during the anneal, and 3) can be removedselectively without

hanning the SiC surface after annealing.

Weshowthat such aBN/AlNcap can withstand these temperatures and retain the

properties of the AlN cap. This cap is created by depositing a -200 nmAlN film by
pulsed laser deposition (PLD) followed by the PLDdeposition of-300 umBNfilm. The

cap is removedafter the anneal by ion milling the BNoff, and then selectively etching

awaythe AlN film in warmKOH.Thestructure ofthe SiC surface is then examinedwith

a SEMandAFM,and the surface chemistry is studied by AES,
Tobetter understand the cap properties, werecorded the surface structure of the

BNwith a SEMandAFM;checked for chemical intermixing at the interfaces and surface

contamination of the SiC surface using AES,and examinedthe cap structure using FTIR
spectroscopy andXRD.Weare currently looking at the structure with TEMandwill

report the results at the meeting. Briefly, the results showthat the BNfilm remains intact

during the anneal andno intennixing of the BNandAlN films or AlN film and SiC

substrate occur. Wedo not yet knowto what extent the BNfilm has crystallized, but we
expect the TEMresults will tell us that.

1. K.A. Jones, P.B. Shah, K.W. Kirchner, R.T. Lareau, M.C. Wood, M.H. Ervin, R.D.

Vispute, R.P. Shauna,T. Venkatesan, and O.W.Holland, Mater. Sci. and Eng. B61-62,

281, (1999).

2. K.A. Jones, M.A. Derenge, K.W. Kirclmer, M.H. Ervin, MCWood,TS Zheleva

R.D. Vispute, R.P. Sharma,and T. Venkatesan, J. Electron. Mat. 29, 262, (2000).
'

3. T. Troffer, M. Schadt, T. Frank. H. Itoh, G. Pensl, J. Heindl, H.P. Strunk, andM.
Maier, Phys. Stat. Sol. A162, 277 (1997).
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Growthcharacteristics of SiC in a hot-wall CVDreactor with rotation

JZhan
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581 83 Linkoping, Sweden

Corresponding author:
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Rotation has been implemented in a horizontal hot-wall reactor for SiC CVDby meansofgas
foil levitation [I]. The bottom part of susceptor has been redesigned to carry a rotating disk

with a capacity of three 2" wafers. The capacity of the reactor is three 2" wafers. Argon or

hydrogen is used as the rotating mediumand the rotation rate is maintained fast enoughfor

growing thin MESFETstructures. The CVDprocess is similar with the one previously

described in [2].

Smoothsurface without any decoration of dislocation defects has been achieved, after the

substrate is raised slightly above the susceptor floor: the lifted-disk rotation, Under non-
optimized conditions, particles are observed on the epilayer surface, presumably caused by

gas phase nucleation. Thebest thickness uniformity has been obtained without lifiing up the

substrate, with O.360/0 and O.920/0 for 35 mmand 2" wafers, respectively, N-type doping

uniformity as goodas I .35o/o on a 35 mmwafer has beenachieved with un-lifted disk rotation

as well. The good morphology in the lified-disk rotation has been compromisedby the

slightly worse uniformity. However, thickness and doping uniformity values can still be as

good as 60/0 and 7.70/0, respectively for a 2" wafer. Both the intra-wafer and the run to run
doping uniformities are less than []IOO/o. Both n- and p-type doping is readily achieved. The

n-type doping ranges from 5 •
1015 cm~3to 2 1019

.
cm~3, and p-type doping between5 •

1015

cm~3and 5 1018
.

cm~3has been obtained. MESFETstructures have been grown on semi-

insulating substrates with excellent doping control
.

[l]. P.M. Frijlink, USPatent, No. 4860 687, August 29 (1989)

[2]. O. Kordina, A. Henry, E. Janz6n, S. Savage, J. Andre, L.P. Ramberg,U. Lindefelt, W.
HermanssonandK. Bergman,Appl. Phys. Lett. 67 (1995), p. 1561
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The Effect of epitaXial grOWth On warp Of SiC waferS

K.Nakayamal, Y.Miyanagil, K.Maruyamal. Y.Okamotol, H.Shiomil. S.Nishin02
ISiXON Ltd.

27-1, Saiin-Hidericho, Ukyo, Kyoto 615-0065, Japan
Tel : +81-75-323-6631
Fax : +81-75-323-6632
E-mail: nakayama@sixon.com
2Kyoto Institute of Technology
Matsugasaki-Goshokaidocho, Sakyo, Kyoto 606-8585, Japan

l .

Introducti on
Before the routine development of SiC devices can be claimed, many technological

problems remain to solve. Oneof them is the warp of wafefs. Especially, whenthe diameter of
wafers is enlarged, it is necessary to pay attention. Tuchida et al.Ll] reported that the epitaxial

growih process improved the crystal bending. Weinvestigate the effect of epitaxial growih
process on the warp of SiC wafers. In this report, weperformed the hydrogen etching and the
epitaxial growih process on the wafers with the large warp and proposed the origin of the warp.

2.

Experimental

Wecarried out hydrogen etchings and 4H-SiC epitaxial growih under 700Torr at 1500~C in

our Hot-Wall CVDreactor. In the hydrogen etching, the wafers were exposedto 5SLMhydrogen
gas for 5min. Theepitaxial growih occurred using 2.5sccm silane and I.2sccm propane in 5SLM
hydrogen carrier gas for lh. Wemeasuredthe warp of the wafer after the processes. In each
process, weused one-side (Si face or Cface) polished wafers. Wealso measuredthe warp ofthe
wafers before and after polishing.

3.Result andDiscussion Table I Thecurvature radius after each step
Table I shows the curvature radius of before after aiter

wafers after each step. Both Si-face and C-face polishing polising processbecameconcave after polishing. This indicated E itaxial Si face - 69m 80mthat the polishing process induced the internal P .

Growih Cface 63m 1Im -6.5mstress. Afiter the hydrogen etching, an
Hydorgen Si face 87m 8.Im -3lmimprovement in the warp of wafers was

confirmed, because the hydrogen etching Etching Cface 57m 6.6m -2lm
reduced the stressed layer caused by mechanical polishing. The slightly convex surface was
observed due to the overpolishing of a few microns at the periphery of the wafers. Further
improvementofthe warp wasconfirmed on the Si-face after epitaxial growih (the typical carrier

concentration is 7X1015cm~3and the typical thickness is 4.5 ll m)
.
On the other hand, C-face

becameconvex after epitaxial growih. Becausethe growih condition wasoptimized only for Si-
face, not for C-face, the internal stress was supposed to be introduced in the C-face epitaxial
layer

4.
Summary

Weperformed the hydrogen etching and epitaxial growih on Si face and Cface of the 2inch
SiC wafer and measuredthe warp of them. Weconfirmed the improvementof the warp after
hydrogen etching and the further improvementon Si-face after epitaxial growih.

References
[l]H_Tsuchida,1.Kamata,T.Jjkimoto and K.Izumi,Materials Science Forum Vols.338-342

(2000) pp, 145
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Infrared investigation of implantation damagein 6H-SiC

J. Camassell
.
H.Y. Wangl, J. Pernotl, P.Godignon2' andN. Mestres3

IGES, CM2"Sciences et Techniques " and-CNRS,cc074, 34095-Montpellier cedex 05, France.
2CNM-Barcelona,CampusUAB,08 Bellaterra, Spain.
31CMa-Barcelona.CampusUAB,08 Bellaterra, Spain.

Tel .' +33467 14 39 73, fcoc .' + 33 467 14 37 60, e-mail: camas~) es.univ-'nont 2.

Wepresent the results of an infrared (IR) investigations of the effect of implantation

damageon the reststrahlen band of 6H-SiC implanted with N+_ions. The implantatli30n energ~

was 160 keVand the implantation temperature 300K. The dose ranged from 510 to 510
cm~2. After implantation IR reflectivity spectra were collected at room temperature in the

middle infrared range, from 500 to 7500 cm~1. Weused a Brucker IRTF spectrophotometer
fitted with a microscope and aMCTdetector. Results are shownin Fig. I .

Theydemonstrate the following :
-

io) a decrease and broadening of the

to pmost refl ectivity structure versus
implantation dose. This comes from
implantation damageand shows that,

even if one focus only on the reststrahlen

band, IR reflectivity constitutes a most
sensitive tool to probe, on-line, the

implantation damage;
ii') a change in refractive index of the

topmost (implanted) Iayer with respect to

the host material. This change is dose-
dependent and, at high dose, results in

the appearance of a new (large) set of
interference. This is again an useful tool

to probe the in-depth extension of

damage;
iii') finally at very high dose (- 5 1015

cm~2)a new(sharp) extra feature reveals,

close to the LOfrequency of bulk SiC [l].

It comesbecause of a strong change in

the optical properties of the implanted
material with appearance of a new (no
10nger pure SiC-like) effective medium.
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Wehave modelled our IR spectra with the use a transfer matrix method[2] and product
oscillators [3]• Results will be discussed in great details.

* presenting author

[l] S. NakashimaandH. Harima, Phys. Stat. Sol (a) 162, 39 (1997)
[2] O.S. Heavens, Optical Properties ofThin Solid Films, Dover, N.Y. (1965)
[3] F. Gervais and B. Piriou, Phys. Rev. B10, 1642 (1974)
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Abstract

In this paper the optimisation of structure of the channel doped MOSFET,with p-polysilicon gate
basedon 4H-SiC is studied using TCADsimulation. It is knownthat the channel mobility of the depletion mode
ofAl-gated C-MOSFETis improved by increasing the charmel doping level but that this leads to a decrease in

threshold voltage. Vth [I,2]. Since p-polysilicon has higher workfunction than Al or n-polysilicon gate, which
results in higher Vth, p-polysilicon gate is expected to allow further improvement of the channel mobility by
increased channel doping.

Thedevice structure used is basedon a 5xl015cm~3A1dopedp-type substrate, gate width of 5um, tox of
50nm, source and drain dopedwith Phosphoruswith depth of 0.5um, channel doping with Nitrogen, a surface

trapped charge density of IxlOl lcm~2 and a fixed charge density in gate oxide of Ixl017cm~3. Thep-type and n-
type Polysilicon gate material is doped with Boron and Phosphorus of lxl019cm~3 respectively, and their

workfunctions calculated from the doping level. The channel doping concentration and depth are optimised to

achieve maximummobility in the enhancementmodeMOSFET.
Fig,1 shows that Vth decreases with increasing channel doping concentration, Nc, and depth of

channel. Whenthe product of Ncanddepth exceeds 7.5xlOl lcm~2 Vth becomesnegative, i,e. depletion mode. In
the case of enhancementmode, the best mobility is gained at Ncof 2xl016cm~3and depth of 0.2-0.3um (Fig. 1,

2). Electron distribution from the surface to the bulk clearly shows that the available channel conduction
electron density increases with Nc (Fig.3). Fig.4 showsa comparison of mobility betweengate materials with
different workfunction. At the sameVth, n-polysilicon and AL gate showalmost the samemobility (due to
sirnilar workfunction), while the p-polysilicon gate has about 50cm2V~Is~1higher mobility. At a threshold
voltage of IV this represents a factor of 2 improvement, thus demonstrating the potential for improved
performance with a p-polysilicon gate.

The final paper will report a newtype of channel mobility model, which is based on the density of
mterface states, Drr, and the modeling of surface deep levels. This model seemsto have good agreement with
experimental data. It is believed that the model is the best wayto describe the SiC chennel mobility because the

main cause of low mobility is high Drr-
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Abstract

Supenjunction structure (SJS) can realize very low on-resistance in Si [1] and 4H-SiC
[2] FET devices. The practical limits to device operation are, however, determined by a
combination of the electrical characteristics of the device and the thermal constraints of the
device and packaging technology. In this paper a formula for the forward drain current density
(Jd) versus on-state voltage (Von) taking account of the built-in potential (Vbi) and the doping
imbalance error between pillars (err=Na/Nd- 1) is developed. Von and the product of Jd and
breakdowrl voltage Vbr are studied and comparisonsmadebetween4H-SiCand Si.

The relationship between Jd and Von is derived from junction field effect transistor
(JFET) theory [3] in which the p-pillar acts like the JFETgate. The resulting relationship gives
goodagreementwith TCADat low voltage in the area of on-state (Fig.1).

The maximumpackage power dissipation is assumedto be 500W/cm2for Si and
1000W/cm2for SiC. Von is taken from the value where the Jd-Von line and the power line

(Jd*Von) cross. In the case of an optimized structure and with the limitation of a minimum
pillar width of Iumfor realistic condition, wehave found that Vonremains sameat low voltage
and low imbalance error (Fig.2). With err=0.1 SiC 720Vand Si 72Vdevices have about 0.2V
and 0.3V Vonrespectively, and are both about half values of conventional FETdevices at the

samepowerdissipation. SiC 7200Vand Si 720Vdevices display Vonvalues of about 2Vand 4V
respectively (one third of conventional devices)

.

Jon*Vbr (switched VAproduct) versus Vbr (Fig.3) is one goodwayof measuring device
performance. Fig.3 shows that for SJS the VAproduct increases in proportion to the square
root of Vor, while for conventional FETdevices it decreases. This demonstrates the excellent
performance potential of SiC SJS.
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