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Comparison of 4H SiC pn, Pinch and Schottky Diodes for the 3 kV Range
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This paper investigates the static and dynamic performance of 4H SiC pn, pinch and
Schottky diodes designed for 3 kV, with identical active area (1.0 mm?) and prepared
on the same wafer in order to reduce technological fluctuations. The p* emitters are
Al implanted (2x10' cm®) covering the full anode area in case of the pn diode
whereas patterned in 4.5 ym p* squares of equal distance for the pinch diode (see
Fig. 1). The grid area in between these p* squares forms a Schottky contact (ideality
1.05). Both kinds of contacts are simply prepared with the same contact material.

The Schottky diodes are equipped with or without a surrounding p*-ring covering
20% of the anode area, respectively. ’

Results: All diode types block 3 kV (Fig. 2). The Schottky diodes exhibit the highest
leakage current, the pn diodes the lowest. The pinch diodes are situated in between
since the p regions reduce the field strength at the Schottky contact. Avalanche
breakdown occurs at 3.7 kV but is overlapped 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 I¢ < 2 A) its voltage drop is less than that of
the pn diode, similar to the Schottky diode and comparable to ultrafast silicon
diodes. The voltage drop is hardly effected by the reduced Schottky area.

e The progressive IV characteristics even at high currents (Il >2A) improve the
pinch diode’s inrush current stability. Please note the contrast to the (normal)
Schottky diode without any p* region.

e Turn-on and turn-off experiments show the dynamic behavior to be Schottky like
with very little influence of the storage charge and a recovery time of 30 ns.
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Nanoscale Electrical Characterization of 3C-SiC Layers by
Conductive Atomic Force Microscopy
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Although a great deal of work has been done on 3C-SiC epitaxial growth, high voltage device
fabrication has yet to be successfully performed. We fabricated Schottky diodes on n-/n+
3C-SiC layers grown on undulated (100) Si substrates, but obtained ohmic /-¥ characteristics.
To understand the mechanism, we simultaneously carried out topography and conductivity
measurement on the 3C-SiC films by using conductive atomic force microscopy (C-AFM).
The C-AFM measurements were carried out in the contact mode with a Au-coated SizNy4
probe, where the conductive probe serves as a nanoscale electrode. The current 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. Examples of simultaneously obtained topography and current
images are shown in Fig. 1(a) and (b), respectively. The sample is forwardly biased at —2.2 V.
The AFM topography (a) shows several faceted planes encountered at edges, with an RMS of
4.62 nm. The current image (b) shows localized distribution with highly conducting sites
existed corresponding to the edges or crystalline boundaries of the topographic image,
whereas other areas show almost uniform current level reflecting Schottky characteristics. It
is clarified that the Schottky barrier is obtained on most area of the film, the exceptions being
some ohmic leak sites due to topographic factors, crystalline defects or/and roughness.

Films with improved smoothness were 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 macro ohmic characteristics. It is also proven

that C-AFM is an effective tool for microscopic characterization.

Fig.1

(a) 4 um X4 pm,
topographic
image,

(b) current
image,

bias V =-2.2V.
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A JBS diode with surge current capability and controlled forward
temperature coefficient

F. Dahlquist'?, H. Lendenmann’, M. Ostling?

' ABB Corporate Research, SE-721 78, Visterds, Sweden
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The Junction Barrier Schottky (JBS) diode in SiC is
a competitor to both Si PiN diodes and SiC
Schottky diodes in the 600-3300V blocking voltage
range. JBS diodes according to Figure 1 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 be
discussed in this contribution.

For blocking voltages up to 1700V, negative
forward voltage temperature coefficients were
measured at current densities of about 100 A/cm’
for Schottky diodes for a AT of 125-30 °C=95 °C
(Figure 2). In this case the negative temperature
dependence in the Schottky contact voltage drop
dominates since the drift resistance (with an
inherent positive temperature coefficient) is
comparatively small (3 mOhmem?). 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
changes from negative to positive can be controlled
in the JBS diode, 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
shown for a Schottky diode in comparison with JBS
diodes with different p+ grid dimensions (Schottky
spacing of either 4 um or 6 um). The increase in

Schottk
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Fig. 2 Semi-log forward characteristics plot of an
1100 V Schottky diode for temperatures 303K-
498K.

forward voltage due to the grid resistance is
justified by the fact that higher blocking voltages
are reached for the JBS diodes (1500 V compared
to 1100V for the Schottky devices on the same
epi). This results in a more aggressive epi design in
the JBS diode compared to the Schottky offsetting
the added grid resistance. The better blocking
behavior giving this lower “on-state loss and the
forward temperature coefficient optimization will
be 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. 3 Forward characteristics at 30°C (solid lines)

and 125°C (dashed lines) showing the change from

Fig. 1 Schematic cross-section of a JBS diode

negative to positive temperature coefficient for a
structure.

Schottky diode in comparison with two JBS designs.
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Elastic and Vibrational Properties of Single-Crystal SiC
as a Function of Temperature and Pressure

Murli H. Manghnani, Vahid Askarpour and V. Vijayakumar
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School of Ocean and Earth Science and Technology
Honolulu, Hawaii 96822, USA

We report here the first measurements of the five single-crystal elastic constants (Cy, Cs3,
Cas, Cqz and Cy3) for a-SiC (hexagonal, P63mc symmetry) to 1000°C, using Brillouin light

scattering technique. The results are in excellent agreement with theoretical prediction of the
dCy/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 measurements on fully dense polycrystalline
specimens of a-SiC and B-SiC (synthesized by CVD process). Except for shear moduli, the
elastic moduli and their temperature derivatives for B-SiC measured to ~ 900°C, are higher than
those for both single-crystal and polycrystalline specimens of a-SiC.

The pressure dependences of bulk and shear moduli of polycrystalline a. and B SiC
composites, determined by ultrasonic interferometry to 2 GPa, are reported. The results are in
good agreement with high-pressure x-ray diffraction measurements in a diamond-anvil cell to 50
GPa. The Raman scattering measurements on 4H and 6H were made to 32 GPa. The linear
positive pressure dependences of Raman shift for the TO and LO modes in the high wavenumber
region (770 - 974 cm™) and corresponding mode-Griineisen parameters, calculated from y; = -
(GInv)/(0 InV), are in good agreement with previous studies. In contrast, the pressure
dependences of the low-lying TA and LA modes in (100 - 270 cm-1 range), are mostly negative
(especially for the 4H type), resulting in lower averaged values of the Griineisen parameter (0.6).
Implication of this is discussed in light of the different elastic properties and compressional

behavior in the 6H and 4H polytypes.
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Incorporation of Boron and the Role of Nitrogen as a
Compensation Source in SiC Bulk Crystal Growth

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

Department of Materials Science 6, University of Erlangen-Niirnberg,
Martensstr. 7, D-91058 Erlangen, Germany,

phone.: +49-(0)9131-85-27730, fax: +49-(0)9131-85-28495

e-mail: matthias.bickermann @ww.uni-erlangen.de

P-type doping during PVT growth 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 [1],
still the most favorable technique implies adding solid sources to the starting material. For
example, adding boron carbide to the SiC powder source leads to p-type material with charge
carrier concentrations p up to 10'® cm™ [2]. This may be 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-Np should 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
was measured to be Np = 2 x 10'® cm™ at the beginning and below Np = 1 X 10'7 cm™ at the
end of growth, leading to charge carrier concentrations at 293 K as low as n = 8 X 10" cm™.

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 B content 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 B content in the source slowly depletes, while the B content in the crystal
roughly remains constant. At the end of growth, the B concentration in the source is virtually
the same as in the crystal. As a result, boron incorporation is segregation-related.

The concentrations of boron acceptors and compensating donors were investigated using Hall
effect measurements at 120...700 K. Solving the charge carrier neutrality equation, Na and
Np were determined in dependence of the growth time for SiC crystals doped with B of
various amounts. N remains constant during growth, while Np strongly decreases. Detailed
analysis shows that, especially for low compensation (Na/Np 2 10), the onset of the freeze-out
range strongly depends on Np, which in turn leads to an almost exponential rise of the hole
concentration with growth time, even though Na—Np remains constant.

As a conclusion, boron is incorporated homogeneously into SiC when added as a solid source,
but nitrogen contamination strongly influences the charge carrier concentration below 300 K.
To achieve high homogeneity of Na-Np, impurity 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.
A model for the dopant incorporation on different step heights is proposed.

[1] T.L.Straubinger, P.J.Wellmann et al., oral presentation #72 at the conference
[2] M.Bickermann et al., Journal of Crystal Growth 233 (2001) 211
[3] M.Bickermann et al., oral presentation # 79 at the conference
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New and Improved Quantitative Characterization of SiC using SIMS

Larry Wang, David B. Sams, Alice Wang and M. H. Yang
Charles Evans and Associates
810 Kifer Road, Sunnyvale, CA 94086
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 made it imperative to
accurately control the dopant and impurity levels. Due to its unique capabilities of high detection
sensitivity for a variety of elements under depth profiling mode, Secondary Ion Mass
Spectrometry (SIMS) is an essential tool for characterization of dopants and impurities in SiC
material.

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

(1) Analysis of N with much improved precision: A
new N analysis technique was developed by monitoring
atomic ions of nitrogen. This new technique provides
a much improved precision and depth resolution at
reasonable detection limit (see figure).

Analysis of N with new technique

(2) Improvement of detection limits: We have modified
the hardware on our commercial SIMS instruments.
We are now able to achieve detection limits of 2e13
at/cm® for B and Al, and lel6 at/cm® for N,
routinely. This represents an improvement of 5 to10
over the “typical” detection limits obtained on a
SIMS instrument. We have also developed a new a
analytical protocol for transition metals. For example,
we are able to achieve detection limit of 2e14 at/cm’ for
Fe and 5el3 at/cm’
improvement over what can be achieved a few years ago.

1E+18

1E+17

CONCENTRATION (atoms/cc}

1E+16

1E«1S

for Cr — a factor of 10 T e er e e r

DEPTH (micrans)

(3) Surface contamination analysis: We have developed new protocols to provide accurate
surface contamination measurement on SiC surfaces.

In addition, we will present the long term analysis precision studies on N, B and Al analysis. All
these analyses are based on carefully prepared SiC implant standards.
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Characterization of SiC Epitaxial Wafers by
Photoluminescence under Deep UV Excitation

M. Tajima', M. Tanaka"? and N. Hoshino'

Institute of Space and Astronautical Science, Yoshinodai, Sagamihara 229-8510, Japan
*Science 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

We demonstrate that photoluminescence (PL) under deep UV light excitation is
advantageous for characterizing thin epitaxial layers of 4H- and 6H-SiC crystals because of the
short penetration depth of the light. We used the 266 nm light from a quadruple YAG laser as
an excitation source. The penetration depths of the light are about 1.2 and 1.0 um for 4H-
and 6H-SiC crystals, respectively, which are significantly shorter than the corresponding
values of 7.5 and 4.3 um for the 325 nm light from a conventional He-Cd laser [1].

Samples were obtained from a commercial source and were heavily doPed p-on-p 4H-
and 6H-SiC epitaxial wafers with a carrier concentration in the range of 1 x 10" cm™ and with
an epitaxial layer thickness of about 5 ym. We performed PL spectroscopy at temperatures
from 4.2 to 295 K, and PL wafer mapping at 295 K. The PL was excited by a quadruple
YAG and He-Cd lasers using a back-scattering configuration.

Figure 1 shows PL spectra of a 4H-SiC epitaxial wafer at 295 K.  The spectrum (a),
obtained under the 266 nm excitation from the front surface (the epitaxial layer side), represents
the PL from the epitaxial layer. The near band-edge emissions at 3.20 and 3.00 eV are due to
free exciton and free-to-acceptor (Al) recombination, and the 1.80 eV band has not yet been
identified. Deep-level emission was below our detection limit. In contrast, the spectra (c)
- and (d), excited by the 325 and 266 nm light from the back surface, respectively, are the PL
from the substrate. The 1.80 eV band and deep-level emission lines at 1.40, 1.12, 1.06 and
0.97 eV were observed, while no band-edge emission appeared. These deep-level emission
lines have not yet been identified except for the V-related 0.97 eV line. ~The appearance of the
band-edge emission and the disappearance of the deep-level emission in the epitaxial layer and
vice versa in the substrate indicate the superiority of the crystalline quality of the epitaxial layer.
The spectrum (b), excited by the 325 nm light from the front surface, contains both band-edge
and deep-level emissions, indicating that the long penetration depth of the 325 nm light excites
the substrate as well as the epitaxial layer. The 325 nm light excitation is, therefore, not
suitable for the characterization of the epitaxial layer. Essentially the same results were
obtained in most epitaxial 4H and 6H SiC wafers.

We performed wafer mapping of the intensity of the respective PL lines. The 1.80 eV
band from the substrate shows a circular pattern, which we believe originates from the facet
growth. A similar pattern was
observed in the

300evY ¥

deep-level
1'061‘, \112 oV {;’,{f‘gp’,”" &1 B0V emissions. The 1.80 eV band
® |os7ev ll T ex 1x from the epitaxial layer shows a
S i Y 5) 325 nm 3a0ev] Substantially different pattern
£ Exc. Epl. with bright spots in the central
s i x 1x area.  An opposite intensity
% (c) 325 nm contrast was observed in the
s Exc. Sub. band-edge emission.  These
£ 1x 1x findings suggest that the defects
= (d) 266 nm responsible for the 1.80 eV band
Exc. Sub. : in the epitaxial layer were not
15x 20x transferred from the substrate but
70 15 Y 3.0 were generated during the

Photon Energy(eV) epitaxial growth.
Fig. 1. PL spectra of p-on-p 4H-SiC epitaxial wafer at [1] S. G. Sridhara er al.: Mat. Sci.

295 K.
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Direct synthesis and growth of SiC single crystal
from ultrafine particle precursor

Y.Yamada, K.Sagawa
Nippon pillar packing co.,ltd.
541-1 Utsuba,Shimo uchigami.Sanda city,Hyogo pref.,669-1333 Japan
Tel:0795-67-2121  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 SiO, ultrafine particles by C ultrafine particles, and found that rapid epitaxial
growth of the seed crystal happened.

The precursor for SiC synthesis was prepared by compounding SiO, and C of
approximately 1 to 3 molar ratio. SiO, source( fumed silica ) and C source(carbon black) were
mixed and diluted by pure water and ball-milled with polyethylene ball and jar,for longer than
24 hours. The slurry after milling was dried and comminuted to fine particles less than 100
pum in diameter by ball-milling. The prepared precursor powder was charged on the surface of
6H-SiC seed crystal, put on the bottom of the graphite crucible with a lid.

The experiments 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 down by switching off the heater current.

The photograph of cross section of the single crystal grown at 2300°C is shown in Fig.1.
About 500 pm thick layer was grown on the seed crystal of 250pum thickness. Its morphology
shows a single crystal epitaxially grown on 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 number and size of visible crystal defects,
exists between Fig.l1 and Fig.2. The thinner 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 amount of SiC
nutritious species, as it was grown at higher temperature than in case of Fig.1.

Based on this result we concluded that ultrafine particle precursor enabled to grow SiC single
crystal at high enough temperature exceeding the sublimation temperature of seed crystal.
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Ultrafast electron relaxation processes in SiC

T. Tomita, S. Saito, T. Suemoto, H. Harima *, and S. Nakashima ®
Institute for Solid State Physics, University of Tokyo
5-1-5 Kashiwanoha, Kashiwa, Chiba, 277-8581, Japan
(TEL & FAX: +81-471-36-3377, E-mail: tomita@issp.u-tokyo.ac.jp)
Faculty of Engineering and Design, Kyoto Institute of Technology *
Matsugasaki, Sakyo-ku, Kyoto 606-8585, Japan
National Institute of Advanced Industrial Science and Technology
FED, Adv. Power Device Lab. ®
1-1-1, Umezono, Tsukuba, Ibaraki, 305-8568, Japan

The ultrafast electron relaxation dynamics in SiC is studied by using the pump and probe
transient absorption technique. It is well known that SiC has appreciable absorption band in
the visible region as reported by Biedermann [1]. These absorption bands are ascribed to the
inter-conduction band transition from 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 employed in this experiment were
a 1 kHz regenerative amplifier (Spectra Physics, Spitfire, 120 fs, 800 nm) and a tunable
wavelength conversion system (SP, OPASOOF). The samples used were 6H-SiC and 4H-SiC
single crystals with the faces parallel to the c-axis. The electron doping levels was about 1.2
X 10"cm™ for 6H and 1.0 X10'*cm™ for 4H sample, respectively.

In 6H-SiC, the bleaching with a time constant of 1.25 ps was observed between 1.82 and
2.38 eV. The spectral profiles of this bleaching are compared with those of Bidermann bands
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
band are supposed to 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. We tentatively
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
(2001)
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Optimized P-well profile preventing punch-through for 4H-SiC Power MOSFETs
Yoshio Shimoida, Saichirou Kaneko, Hideaki Tanaka, Masakatsu Hoshi
Electronics & Information Technology Research Laboratory,
Nissan Research Center, 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: y-shimoida@mail.nissan.co.jp
In order for SiC power MOSFETs to provide high breakdown voltage, 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

made to optimize a retrograde P-well profile. Fig. 1 shows the 4H-SiC power MOSFETs

structure used. Fig. 2 shows the carrier concentration distributions of the P-well at the dashed

line in Fig. 1. The carrier concentration at a depth of 0.8 z m was high and the surface

concentration was low. The optimized P-well profile was obtained by a 2-dimensional
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Fig. 1 Schematic cross-section of SiC-power
MOSFET. Channel length=2 ¢ m, N-epi
layer = 1el6 cm’3, 104 m.
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numerical simulation with Dessis (ISE-
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. When the peak concentration of the
P-well was over 3el7 cm™, the ideal
avalanche breakdown was obtained even
though the P-well depth was only 0.8 u m.
This result is practical and the device can be
fabricated by normal ion-implantation

techniques.
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Fig. 3 Reverse blocking characteristics of SiC
power MOSFETs obtained with Dessis-ISE .
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Compatibility of VIFET technology to MESFET fabrication and its interest
to system integration : fabrication of 6H and 4H-SiC 110V lateral MESFET.

D.Toumier'*, P. Godignor?, J.Montserrat’, D.Planson', J.P.Chante', F. Sarrus’
' CEGELY INSA-LYON, UMR 5005 CNRS, Bat 401, 20 av. Einstein, 69621V illeurbanne, France.

? Centro Nacional de Microelectronica, Departamento de Sistemas Electronicos, Campus universidad de
Barcelona, 08193 Bellaterra, Espaiia. 3 Ferraz Shawmut, rue Vaucanson, 69720 St Bonnet de mure, France

Introduction : Integration of Power devices with their control circuitry is a usual challenge in Si and
SiC technologies to increase efficiency of power switch and systems. The purpose of this article is to
evaluate the integration compatibility of lateral MESFETs within a Vertical power JFET fabrication
technology. The interest of this method is to allow to make control circuitry based on MESFET devices to
get both power devices and control circuits on the same die. Several possibilities can be usually foreseen for
the realisation of lateral SiC-MESFET [1], using conductive substrate or semi-insulated wafer. Other
possibilities, more compatible with a vertical power device process, are P and N wells formation by ion
implantation to form the lateral channel. The description of the fabrication process presented below is a part
of the fabrication process of a VJFET designed for high voltage current limitation [2]. High energy
implantation, RIE etching adjustment and metal contact annealing are the critical steps of the fabrication of
this device, and will be developed, such as electrical characterization of fabricated MESFET.

Process fabrication : 6H and 4H SiC wafers with a N epitaxial layer doping concentration in the
range of 5.10"° cm”® (15um) from Cree ™¢ were used for the devices fabrication. A high energy Al
implantation (2MeV, dose of 10"*cm™ @400°C) has been performed to form the P buried layer. A N-type
box profile was formed at the surface of the wafer by multiple N implantation (9,8.10"* cm™®). N was then
implanted (10"°cm®) for contact zones of drain and source. The wafers were annealed at 1700°C/30min. A
deep RIE etching (1,2 um), adjusted in relation with simulated profile of Al implantation [3], was performed
to contact the P buried layer. A cross section and a top picture of the fabricated MESFET is presented below.

Gate

Source

T
3!.

Puype buried layer ..

Nype channel

& Substrat

.
VoulV)

Electrical characteristics

Bulk
Thermal oxidation followed by an oxide deposition was realized to form the passivation layer. Ni or W
layers were deposited and then annealed at different temperatures for gate and ohmic contacts. Both ohmic
and Schottky contacts were simuleanously realised using one mask level for metal patterning.

Picture of the fabricated MESFET

Electrical characterization :

The extracted contact resitivity is in the range 4,6.10
8 Q.cm? for the Ni 6H-SiC samples (annealing time:
3 min at 900°C) and 7,7.10° Q.cm? for the 4H-SiC,
values in the state of the art [4]). The PN rectifier
formed between the P buried layer and the epitaxial
layer (Source/Bulk) exhibits a blocking voltage
around 950V @ 1.10°A/cm?. The 4H-SiC MESFET
specific on-resistance is 38m£Q.cm? in linear region
and the transconductance is 0,4 mS.mm’'. This low
value is mainly due to high reverse leakage current
of Schottky contact. This is the main point to
improve in the next generation of devices. Two

mask levels for metal deposition and patterning
should be envisaged. In addition, on-state current
density of 300A/cm? @ 110V in limitation mode
have been reached as shown in the figure above.

[1] Nilsson & al , “Characterization of SiC MESFET on conducting
substrate”,. p1255-p1258, ICSCRM 99

[2] V-Jfet for HV Application ICSCRMOI (to be published),

[31 E.Morvan, “Modelisation de I’implantation ionique dans alpha-
SiC et application a la conception de composants de puissance”. Th
Doct Lyon Insta Nat Sc Appl 1998 298p

[4] J.Crofton, et al.”High temperature ohmic contact to n-type 6H-
SiC using nickel”. J. Apll. Phys., 1995 vol 77, No 3, p 1317 131

Conclusion : The full compatibility of MESFET realisation with VIJFET process fabrication
technology has been studied and demonstrated. The interest of high energy implantation to form deep
junction is applied to the elaboration of a VIFET and lateral MESFET. Process elaboration of the
MESFET will be developed, such as electrical characterization (ohmic and schottky contact study). Key
points for the amelioration of the performances of the MESFET will be underlined in the final paper, as
few technological adaptations will allow to improve characteristics of MESFET.
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Influence of Gate Finger Width on RF Characteristics of 4H SiC MESFET

Manabu Arai, Hirotake Honda, Makoto Ogata, Hiroshi Sawazaki, Shuichi Ono

New Japan Radio Co., Ltd. Microwave Division

2-1-1 Fukuoka Kamifukuoka Saitama, 356-8510 Japan

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

Conventional mesa isolated SiC MESFETs with different gate finger width 100, 200,
500, 1000  m were fabricated on epitaxial layers grown on semi-insulating 4H-SiC substrate
purchased from CREE Inc. The epitaxial layers consists of a highly doped layer, channel
layer with doping density of 3.0X 10"7cm™ of 0.25nm thickness and lightly doped p buffer
layer. Only one gate electrode of 0.5 u m length was drawn on each MESFETs by using
electron beam lithography.

Figure 1 shows the gate finger width dependence of cutoff frequency (ft) and the
maximum frequency of operation (fmax). With increasing the gate finger width, cutoff
frequency rose from 4.8GHz to 11GHz. This improvement will be caused by reduction of the
influence of extrinsic capacitance of MESFET on cutoff frequency. Because lager gate finger
width will increase intrinsic gate-source capacitance and transconductance of MESFET,
without increasing extrinsic capacitance generated by connecting pads and lines. On the other
hand, the value of fmax was decreased with increasing the gate finger width. Increasing input
losses due to the large gate resistance will cause this decline.

Figure 2 shows output power characteristics measured with load-pull method at 1.0GHz.
Output power increased in proportion to the gate finger width. Output power over 2W can be
obtained with the gate finger width of Imm. The maximum output power density of
2.6W/mm can be obtained with the gate finger width of 200 u m.

Acknowledgment: This work is performed under the management of FED as a part of the
METI Project(R&D of Ultra-Low-Loss Power Device Technologies) supported by NEDO.

20 2500
-e-ft — .".
15 A fmax 2 2000
5 A
) e o 1500 .
g0 ne & 1000
g_ /’/ '. E ““,»'
g 5 e s g S0
.
0 ) ) I . O | 1 1 1 1
0 200 400 600 800 1000 1200 0 200 400 60 80(; 1000 1200
Gate Finger Width (?m) Gate Finger Width (?m)
Fig.1 RF characteristics of SiC MESFET  Fig2 Output characteristics of SiC
with different gate finger length. MESFET with different gate finger length.

—743—-




Technical Digest of Int'l Conf. on SiC and Related Materials -ICSCRM2001-, Tsukuba, Japan, 2001 MoP-70
(Late News)

Traveling self-confined-solvent method: A novel LPE growth of 6H-SiC

Y. Asaoka, M. Hiramoto, N. Sano, T. Kaneko

Graduate school of Science, Kwansei Gakuin University

2-1 Gakuen, Sanda, Hyougo 669-1337, Japan

Tel/Fax: +81-0795-65-9726/9721, E-mail: scdc1051@kwansei.ac jp

The growth of high quality SiC without defects is an urgent target for high power device
applications. The growth 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 phase has 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 growth rate, which induces thermal
instabilities.

In this study, we propose a novel liquid phase epitaxial growth of 6H-SiC(0001)
employing a new sandwich configuration with no temperature gradient. It consists of a
polycrystalline SiC source platelet and a seed substrate with the 20um thick 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 growth 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 domain was 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 growth front preserves
smooth surface with an atomically flat terrace of
50um width terminated by a few nanometers height
bunched step. This is a clear evidence showing the
reduction in the thermal instabilities. The growth

mechanism is directly attributed to the difference in
Fig. 1. Cross sectional view of grown

layer. a : substrate, b : grown layer,
resulting in the difference in the equilibrium c: Silayer, d : polycrystalline plate.

surface energy between the substrate and the source

concentration of C.

[1] D. H. Hofmann, M. H. Muller, Mater. Sci. Eng. B 61-62 (1992) 29

[2] A. E. Nikoleav, V. A. Ivantsov, S. V. Rendakova, M. N. Blashenkov, V. A. Dmitriev, J.
Crystal Grpwth 166 (1996) 607
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Optical and electrical characterization of free standing 3C-SiC
films grown on undulant 6-inch Si substrates

Toshimichi Yamada and Kohei M. Itoh
Dept. Applied Physics and Physico-Informatics, Keio University
Yokohama, 223-8522 Japan
Telephone:+81-45-566-1594, Fax:+81-45-566-1587
E-mail address:kitoh@appi.keio.ac.jp

Recently, Nagasawa ef al. of the HOYA R&D Center. Japan have announced successful
CVD growth of high quality 3C-SiC films of up to a few hundred micron thick with a very
small density of defects (10 /cm™) [1]. The new 3C-SiC epilayers have been grown on
so-called undulant Si(001) wafers of 6-inch in diameter by CVD method to have planar
defects collide and cancel out each other within the first ~50 um from the Si/SiC hetero
interfaces. Defects present in the region more than 50 um away from the interface are
dominantly twin boundary planes being parallel to each other with approximate separation
distances of 3 pm.

In this work we report on the electrical and optical characterization of the free standing
3C-SiC made by the HOYA R&D Center. Two series of samples have been studied;
nominally undoped samples and intentionally nitrogen doped samples of the concentration
10" and 10"7 cm™, respectively.

The electrical properties have been investigated by variable temperature Hall effect
measurements for the temperature range T=10-400K. The large improvement in the low
temperature free carrier mobility has been observed when the 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. Above 50K, broad peaks due to the free exciton recombination were observed for
undoped sample (Fig.1) indicating a high quality of the sample. The free exciton
luminescence, which is a good measure of the quality of the sample, has been observed before
for homoepitaxially grown 3C-SiC [2] but never in as grown samples. Our result is
remarkable considering the fact that the film has been hetero-epitaxially grown directly on Si
with the growth speed of 50 um/hour.

We would like to thank H. Nagasawa b
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of the HOYA R&D Center for kindly 3 ]
providing us the samples and K. Kojima S | T ]
for helpful discussions. .é’ - FE(TO) FE(TA)
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Jap. J. Appl. Phys. Vol. 36 (1997)
pp. 6405-6410
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Fig.1 Free exciton luminescence of
nominally undoped 3C-SiC at 80K
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Study on Metamorphosing Top Si Layer of SOI Wafer into 3C-SiC
Using Conventional Electric Furnace

Seisaku Hirai, Fumihiko Jobe, Motoi Nakao', and Katsutoshi Izumi'
Hosiden Corporation, 1-4-33, Kitakyuhoji, Yao, Osaka, Japan, 581-0071
Tel:+81-729-24-8932 Fax:+81-729-95-3233
' Osaka Prefecture University, 1-2, Gakuencho, Sakai, Osaka, Japan, 599-8570
Tel:+81-72-254-9829 Fax:+81-72-254-9935
e-mail for corresponding author: nakao-m(@riast.osakafu-u.ac.jp

Based on Silicon-on-Insulator (SOI) technology, we have a plan to develop
electron-photon-merged devices. This plan calls for CMOS-LSI/SOI and LED-array/GaN to
be monolithically fabricated on one chip. In order to reduce the lattice mismatch between Si
and GaN, we are attempting to form a GaN/SiC/SOI structure. We are using a conventional
electric furnace, without any vacuum system, to metamorphose the top Si(111) layer of the
SOI substrate into 3C-SiC(111) under the atmospheric pressure of propane gas in hydrogen at
about 1250°C. This method of forming a SiC-on-Insulator (SiC-Ol) substrate is inexpensive
and makes it 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 GaN devices.

Figures 1(a) and (b) show the surface morphologies of specimens after carbonizing the top
Si layers of SOI substrates, measured with a laser microscope. Figure 1(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 compared to that of specimen (a). It is
supposed that, in the case of (a), the bare Si layer reacts with such impurities as water in the
hydrogen gas during the temperature elevation, leading to the increased surface
micro-roughness of the specimen. In the case of (b), in contrast, the SiC layer is gradually
formed at lower temperatures, which prevents impurities from reacting with the Si layer. For
both specimens, however, 3C-SiC(111) peaks (2 6 =35.6° , Cu-ka) are clearly observed
from X-ray diffraction measurements. This finding indicates that the formed SiC layers have
good crystallinity.

Figure 2 shows a cross-sectional TEM image of the specimen in 1(b). The Si surface of the
SOI wafer is metamorphosed into 3C-SiC(111) with the thickness of 3nm. We can therefore
expect the whole 100 nm top Si layer of the SOI substrate to be metamorphosed into a
uniform SiC layer by optimizing the reaction time, flow rates of gases, and so on.

SiC

Si Fig.2
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Radiation response of 6H-SiC MOSFET:s fabricated using pyrogenic condition
Kin Kiong Lee, Takeshi Ohshima, and Hisayoshi Itoh

Japan Atomic Energy Research Institute, 1233 Watanuki, Takasaki, Gunma 370-1292, Japan
Ph: +81-27-346-9324, Fax: +81-27-346-9687, E-mail: kinlee(@taka.jaeri.go.jp

Electron-hole pairs are liberated in the silicon dioxide when exposed 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 SiO,/SiC system. These trapped holes degrade the channel mobility
of MOSFET and pose oxide reliability issue. For this reason, many studies on the radiation
effects on Si MOSFETs have been performed. Few works show the effects of gamma
irradiation on SiC MOSFETs. In this paper, we present new electrical response of p-channel
MOSFETs when exposed to gamma ray irradiation. Our results are also compared to the
irradiated n-channel 6H-SiC and Si devices. The oxides are grown using pyrogenic condition
and irradiated at zero applied bias to all the electrodes.

Fig. 1 shows the shift of the threshold voltage of the irradiated devices. The n-channel
threshold voltage decreases initially due to the builtup of positive oxide trapped charge.
Above 10°Gy(Si0,), 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. 2 depicts 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 MOSFET has reduced substantially. Unlike
the Si device, the electron mobility of the n-channel SiC device remains unchanged up to a
dose of 3x10° Gy(SiOy). All these influences of gamma irradiation on the devices and device
fabrication steps will be given in details in the paper.
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Fig. 1 The threshold voltage shift of
n-channel and p-channel devices as
a function of absorbed dose.
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Fig. 2 The normalised mobility of the
Si and SiC MOSFETs as a function
of absorbed dose.
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Electrical properties of 4H-SiC thin films reactively ion-etched in SF¢/O, plasmas

Bum Seok Kim, Jae Kyeong Jeong, Myung Yoon Um, Hoon Ju Na, In Bok Song and Hyeong Joon Kim

School of Materials Science and Engineering, Seoul National University, Seoul, 151-742, Korea

Effects of dry etching process on the electrical properties of 4H-SiC were investigated. Au Schottky barrier
diodes(SBD’s) were fabricated on the reactively ion-etched surface of 4H-SiC thin films. The surface 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(I-V) and capacitance-voltage(C-V)
measurements. The Auger electron spectroscopy(AES) was also performed to reveal the species of residues on
the etched surface after RIE process. The surface roughness before and after etching process was evaluated by
the atomic force microscopy(AFM).

The I-V characteristics of SBD’s on the etched surface were found to be deteriorated compared with that of
the SBD’s on the unetched surface from the measurement of Schottky barrier height, ideality factor and reverse
leakage current. However, an increase of oxygen content in gas mixtures made an improvement in the
performance of Schottky diodes. It might be ascribed to the faster removal of carbon-excess surface layers with
etching-induced damage and the smoother etched surface. The RMS roughness of etched surface with AFM
scan area of 5x5 (m * was actually improved from 8.5A to 5.7A with an increase of the oxygen content in the
reactant gases form 0% to 50%. And the AES analysis 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 oxygen contents in spite of residual contaminants on the surface.
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Influence of Excited States of Deep Acceptors on Hole Concentration in SiC
Hideharu Matsuura
Department of Electronics, Osaka Electro-Communication University,
Hatsu-cho 18-8, Neyagawa, Osaka 572-8530, Japan
matsuura@isc.osakac.ac.jp

Experimental acceptor levels AE, in SiC, measured from the valence band E,, 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" / £2r®) eV], are 136
meV and 34 meV, respectively. The experimental AE, is deeper than AE, because of
central cell corrections, while AE, (r >2) are considered to be reasonable, and should
affect the hole concentration p(7) . Using three kinds of distribution functions, we
theoretically and experimentally investigate the influence of the excited states on p(7') .

The proposed distribution function for electrons is expressed as

. 1
f(AEA’n’Eex): - ’
1+4ex _Eex . ex M +Zn: ex %
P T &, €Xp kT r:2gr P T

where AE; is the Fermi level measured from E,, g, is the (r—1)-th excited state
degeneracy factor, and 7 is the highest excited state, which we consider in analysis. Here,
the average acceptor level AE, is expressed as AE, =AE, -E_ , and E is the

ex ?

@

ensemble average of the ground and excited state levels 105F — T T
which increases with 7 . The Fermi-Dirac distribution ' O :Experinertal dea,
. Smulation results
function corresponds to f(AE,,1,0) and the conventional FORY e RAELD) ]
functionis f(AE,,n,0). oL - ggkigg) -
Using p-type 6H-SiC wafer, p(T) was obtained by r _ U
Hall-effect measurements. Using Free Carrier Concentration % | Q% .

Spectroscopy (FCCS), AE,, the acceptor density N, and = 3

. . . 10 X E
the compensating density N__ were determined, and are = | q\%{9 1
shown in Table 1. Figure 1 shows the p(T)—1/T curves, - \- 1
and Fig. 2 displays the FCCS curve given by ol ‘ |
H(T,E )= p(I) exp(E [KTYI((T)* ,  where the | \%o
simulation results mean the curves simulated using Table 1. ST . \\ 4

In f(AE,,1,0) , although the simulated p(7) is in 2 4 6 10

agreement with the experimental p(7) , the simulated Fg1 qummtalarﬂsmﬂang;(x:]sjtsd@
H(T,E,) is not, indicating that the excited states should
affect p(7). In f(AE,,n0), the density of holes bound to
acceptors increases, which results in the unreasonable high
N, . In our case, there are good coincidences between the
experimental data and simulation results in Fig. 1 as well as in
Fig. 2,and N, and AE, are considered to be reasonable.

In summary, the influence of the excited states on p(7")
should be considered, and the distribution function used in
deep acceptors should be f(AF,, ,E ).

Table 1 Results determined by FCCS

Y
(=]

H(T,0.2752) [x10* cm®eV29)
W

f(AE,1L0) | f(AE,,100) | f(AE, 10, )
N, [cm?] 2.95x10" 2.19x10%° 1.91x10% |
AE, [meV] 182 205 189 | 1
N__[cm™] 8.35x10"7 2.65x10'® 3.37x10"® | Fig 2 Exparimertal and simition resus of TErg)
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ALUMINIUM NITRIDE BULK CRYSTALS BY SUBLIMATION METHOD:
GROWTH AND X-RAY CHARACTERIZATION

Sergey 1. Dorozhkin, Andrei O. Lebedev, Andrei Yu. Maximov, and Yuri M. Tairov

State Electrotechnical University of St.-Petersburg (LETI)
5, Prof Popova Str., 197376 St.-Petersburg, Russia
Phone: (007-812) 2343164, Fax: (007-812) 2343164, E-mail: elva@nvia.spb.ru

Aluminium nitride AIN, a wide band gap material isomorphous to gallium nitride has good
dielectric properties and chemical stability up to 1400°C. Despite of not enough maximum
size of AIN 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-based epitaxial
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) method of growth. High purity AIN powder was used as a source, a number of
materials (SiC platelets, AIN/Al,O; 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+Ny) for 1..10 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 accordance with the reaction:

AIN(s) _ AIN(g) _ Al(g) + N2(g)
an additional foil insulation was placed into the growth cell.
We usually observe there are no any deposits onto the graphite substrate due to the reduction
mechanism mentioned above. Unexpectedly, the formation of homogeneous AIN crystalline
deposits onto the single crystalline SiC substrates is also hard to achieve. The samples grown
at 1500..2000°C in both the vacuum and residual gas ambient were as a rule multiphase and
contain both aluminium nitride and complex carbides such as Al4SiC4 and Al4Si,Cs. This
effect probably being a result of surface graphitization of silicon carbide at the growth
temperatures is also responsible for relatively small growth rates observed for SiC substrates.
Singlecrystalline growth has been achieved onto AIN/AI,Os; epitaxial structures at the
temperatures less than 1800°C. X-ray diffraction showed that the deposits with the thickness
of up to some millimeters grown onto the substrate of up to 1 inch in diameter had obvious
for aluminium nitride wurtzite structure. From the practical point of view, the major problem
consists in the intensive nitridation of corundum part of epitaxial structure at the high
temperatures of growth leading to its cracking and even to mechanical destruction. So,
corundum substrate exposed at the 1600°C for 4 hours almost completely converts into the set
of oxynitrides. Nevertheless, thick corundum substrates (more than 1000 _m) with the thick
epitaxial layers appear to be successfully used as the initial seed of large-scale area for AIN
growth in conventional sublimation process.
Also, large-grain homogeneous textured 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 of the UD3 defect in 4H and 6H SiC

Mt. Wagnerl), B. Magnussonl)’z), W.M. Chen", and E. Janzén"

"Dept. of Physics and Measurement Technology, Linképing University, SE-581 83
Linkoping, Sweden
D0kmetic AB, SE-583 30 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 became possible to grow bulk semi-insulating SiC by the HTCVD technique. The
semi-insulating behaviour is probably due to one or several deep level defects, but a definite
identification of these defects has not been possible so far. However, a series of sharp
photoluminescence (PL) lines in the near infrared region is often found in such samples.
These lines have been labelled UD1, UD2 and UD3, and the corresponding defects are likely
candidates for the semi-insulating behaviour.

The aim of this work is to provide detailed insight into the electronic structure of the ground
state and the lowest lying excited states of the UD3 defect. This is achieved by a combination
of PL-, PL excitation- (PLE), polarization- and Zeeman-experiments. The UD3 defect gives
rise to a no-phonon (NP) PL line at low temperatures at an energy of 1.3555 eV in 4H SiC
and 1.3430 eV in 6H SiC. In a magnetic field UD3 in both polytypes splits into two lines.
The magnitude of this splitting is strongly angular dependent: It is largest when the 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. The splitting is observable in both PL- and PLE-
experiments. In PL however there is a thermal redistribution of intensity as the temperature is
varied, whereas the two lines have identical intensity at all temperatures in PLE.

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

In PLE experiments additional lines at a few meV above UD3 are found in the 4H polytype.
The ones closest to the UD3 line are almost as sharp as UD3 itself and are attributed to
transitions between the 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
even be found in PL experiments at elevated temperatures when the corresponding levels are
thermally populated.

The experimental findings can be consistently explained assuming the following electronic
structure: The ground state is an orbital and spin singlet 'A;. Above that there is an orbital
doublet 'E,. The transition between these gives rise to UD3. The g-value of 'E,-states is
typically highly anisotropic, which explains the strong angular dependence of the Zeeman

splitting. In addition only transitions with £ Lc-axis are allowed between A, and E; states. At
energies above the E; state at least two additional singlet states have been found.

Possible candidates of the defect will be discussed based on the experimental findings.

—751-




Technical Digest of Int'l Conf. on SiC and Related Materials -ICSCRM2001-, Tsukuba, Japan, 2001 MoP-78
(Late News)

Fabrication of 4H-SiC planar MESFETs having low contact resistance
HoonJoo Na'*, Kazuhiro Adachi'?, Norihiko Kiritani ¥, Satoshi Tanimoto>® and Hideyo Okushi'™?
1) AIST, Power Electronics Research Center; AIST Tsukuba Central 2, 1-1-1, Umezono, Tsukuba,
Ibaraki 305-8568, Japan; TEL +81-298-61-3326, FAX +81-298-61-3397, hoonjoo-na@aist.go.jp
2) R&D Association for Future Electron Devices, Advanced Power Device Laboratory
3) Ultra-Low-Loss Power Device Technology Research Body

4H-SiC MESFETs were fabricated using high-density ion implantation to get low ohmic
contact resistance without recess gate etching and contact annealing. The superior physical
properties make SiC a very promising material for high power and high frequency devices
especially for microwave power MESFETs. SiC MESFETs have typically had a recess-etched
structure of gate active layer with a high-doped epitaxial layer for source and drain ohmic
contact. The dry etching, however, leads to the degradation of device performance with the
inferior gate Schottky characteristics due to the induced plasma damage in the near-surface
region. Moreover, the inter-diffusion and the reaction between metal and SiC during contact
annealing causes various problems such as the remaining-carbon. The ohmic contact
resistance is somewhat high in the order of 10~ 10”° Qcm? because the doping concentration
of high-doped layer of about 10'’cm™ is not sufficient for the field-emission tunneling.
The fabrication process included mesa etching,

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 p- buffer

(NA=9.0x10"° cm™) and n-type channel layer having n+ substrate
a thickness of 0.4 pm (Np=1.7x10"7 cm™) (Fig.
1). The gate length was from 2 pm to 10 pm and
the gate width was 100 pm and 500 um. Ohmic 400
contacts were formed using Al without annealing, 350 |

Fig. 1. Cross-sectional view of MESFET
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which means after the activation annealing of ion
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implantation, all processes were run at room
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temperature.

Fig. 2 shows the 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,

Ids (mA/mm)
- = e
S a o
3 & &

o
o
T

|

respectively. Very low contact resistance of 0 5 {0 {5 20 25
4.8x10° Qcm® was estimated from TLM Vds (V)
measurement, ~ which indicate  the  Fjg 2 DC characteristics of MESFET with
non-annealed Al ohmic contact can be 2um gate length and 500um gate width

applied for the device fabrication.
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Homoepitaxial growth of 4H-SiC thin film below 1000°C by microwave plasma

chemical vapor deposition

M. Okamoto'?, R. Kosugil’z, Y. Tanaka'?, D. Takeuchi3, S. Nakashimal’2’4, S. Nishizawa"z, K.
Fukuda'?, H. Okushi’ and K. Arai"?

'National Institute of Advanced Industrial Science and Technology (AIST), Power
Electronics Research Center (PERC)

?Ultra-Low-Loss Power Device Technology Research Body

3AIST, Research Center for Advanced Carbon Materials

*R&D Association for Future Electron Devices, Advanced Power Device laboratory (FED)
c/o AIST Tsukuba Central 2, 1-1-1 Umezono, Tsukuba, Ibaraki 305 -8568, JAPAN
Phone:+81-298-61-3320, Fax:+81-298-61-3397, E-mail: mitsuo-okamoto@aist.go.jp

High temperature (around 1500°C) of homoepitaxial SiC film growth limits the variety
of the SiC device process. Our goal is to achieve high-quality homoepitaxial a-SiC film
growth below 1000°C by microwave plasma chemical vapor deposition (WPCVD) for the
purpose of providing more flexibility in the SiC device process, such as epitaxial growth
using SiC on insulator (SiCOI) substrates, selective epitaxial growth by use of oxide or
nitride mask and so on. To our knowledge, there are no papers reporting about homoepitaxial
growth of a-SiC using PCVD.

SiC films were grown on 8° off-axis 4H-SiC(0001) substrates at temperature of 970°C
and microwave power of 1300W without intentional doping. Mixture source gases of CHs4
and SiH; were used with H, 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 was a very important
factor for fabrication of high-quality films. Extremely high C/Si ratio (C/Si=175) in
comparison with that used in conventional CVD technique was required to obtain smooth and
single crystalline films.

The polytype of obtained films was confirmed by confocal microprobe Raman scattering
spectroscopy. Figure 1 shows the Raman scattering spectra from the ~200nm thickness SiC
film grown at C/Si ratio of 175 for 10h. By focusing probe laser at surface and substrate we
distinguished the signals from the grown film and R '
the substrate. It is known that the LO F .
phonon-plasmon coupled (LOPC) peak becomes

broader and shifts to higher frequency with 2 o e
increasing the free carrier density »n [1]. Since the 5 | o i 4 / 7
substrate was highly doped n-type 4H-SiC, thes | 10 -

Raman line of LOPC mode was very broad as shown = J % x3
. . . = H(b) surfac

in Fig. 1 (a). On the other hand, in a spectrum from g
the film surface (Fig. 1 (b)), a sharp line (964cm™ E [
corresponding to the LO mode of pure 4H-SiC was

observed with the broad LOPC line from the [(2) Subs"'ﬂJU& W M

T

substrate. These results indicate that homoepitaxial = ol o
growth of 4H-SiC have been attained below 1000°C. Raman Shift (cm™)
[1] S. Nakashima et al., Phys. Stat. Sol. (a) 162, 39 (1997) Flg 1 Raman Scattering spectra
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Reduced micropipe density in boule-derived 6H-SiC substrates
via H etching of seed crystals

S. E. Saddow,’ Troy Elkington,” and M. C. D. Smith’

! Center for Microelectronics Research, University of South Florida,
4202 E. Fowler Ave., Tampa, FL 33620, USA
Tele.: 813.974.4773; Fax: 813.974.5250; E-mail: saddow@jieee.org

211-V1 Inc., Saxonburg, PA, 16056, USA

3 Emerging Materials Research Laboratory, Mississippi State University,
MS 39762-9571, USA

The effect of hydrogen etching of 6H-SiC Si(0001) on-axis SiC seed surfaces prior to crystal
growth has been investigated. The most common method for 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 of the 2” seed were prepared for boule growth with
each quarter prepared using various treatments. A photograph of the seeds investigated is shown
in Fig. 1 (left) along with the resulting substrates (right). Hydrogen etching of the seeds was
performed for 30 min. at 1600°C in a cold-wall CVD reactor to reduce seed crystal surface and
subsurface damage. Boule growth was then conducted in an inductively heated PVT furnace 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 MPD for each
wafer quarter were averaged and a statistical analysis performed to ensure independent samples.
Using a 95% confidence criteria hydrogen etching of the seed appeared to reduce the MPD in the
crystal by about 24.5 + 19.4%. Fig. 2 is a histogram of the MPD for seeds etched with hydrogen
and non-hydrogen etched.

Fig. 1 Photo of tiled seeds (left) and Fig. 2 MPD in boules grown using H-etched
resulting boule-derived substrates (light) and non-etched (dark) seed crystals. MPD
(right). 4 boules prepared in this study. reduced by ~ 25% with H etching.
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X-ray photoelectron spectroscopy studies of post oxidation process effects on oxide/
SiC interfaces

Y. Hijikata', H. Yaguchi', M. Yoshikawa?, and S. Yoshida'
'Saitama University, 255 Shimo-ohkubo, Saitama,Saitama 338-8570), Japan
2Japan Atomic Energy Research Institute,1233 Watanuki, Takasaki, Gunma 370-1292, Japan
Tel/Fax: +81-48-858-3822, e-mail: yasuto@opt.ees.saitama-u.ac.jp

SiC-MOSFETs have some problems to be solved before practical use, such as their low channel mobilities
and higher on-resistances than those predicted. It has been reported!"! that high interface trap density and high
oxide-trapped charges of SiC MOS structures, which are estimated by C-¥ measurements, are concerned with
the inferior properties of SiC MOSFETSs. Also, it has been reported that some post oxidation processes, such as
re-oxidation!?), have improved their C-¥V characteristics. We have reported that,l*! in the results of XPS
measurements for slope shaped oxide films, several photoemission peaks corresponding to other bonding states
than Si-C and Si-O bonds were observed in the oxide/SiC interfaces. In this report, we try to explore the
changes of interfacial structures by post oxidation processes in terms of bonding states. We also reveal the
reasons for the improvement of C-J” characteristics by these processes.

6H-SiC homo-epilayers, 5 wm in thickness and 5 X 10'* cm™ in carrier concentration (n-type) (Cree,Inc.),
were used for the measurements. The (0001) Si faces of SiC epilayers were oxidized in a pure O, flow at 1100
°C for 3h. After the oxidation ceased, one of the samples was cooled down immediately ((a) quench), another
one was post-oxidation-annealed in Ar gas atmosphere at 1150 °C for 3h ((b) Ar POA), and the last one was re-
oxided at 950 °C for 3h ((c) Re-oxi.) The three specimens were immersed gradually into buffered hydrofluoric
acid at a constant speed to etch the oxide layers at an angle. The measuring point (I mm in diameter) of XPS
was scanned along the slope of the samples. Figure 1 shows the photoelectron spectra of Cls core levels as a
function of oxide thickness. It was found that the number of C-O bonds and C bonds decrease with Ar POA
and wet re-oxidation, respectively. C- bonds are probably originated from a dissociation of C-Si bond. We also
discuss the influence of C- bonds and C-O bonds, in addition Si-Si bonds and Si-O-C bonds observed in Si2p,
with respect to the electric properties of MOSFETSs.

This work was partly performed under the management of FED as a part of the METI Project (R&D of
Ultra-Low-Loss Power a) quench b) Ar POA c) Re-oxi.
Device Technologies)
supported by NEDO.
[1] V. V. Afanas’ev et
al.: Phys. Status Solidi
(a) 162 (1997) 312.
[2] L. A. Lipkin and J.
W. Palmour: J.
Electron. Mater. 25
(1996) 909.
[3] Y. Hijikata et al.: 35 0 - 23,06
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Fig.1 Photoelectron spectra of Cls core levels as a function of oxide
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Replication of Defects from 4H-SiC Wafer to Epitaxial Layer

T. Ohno', H. Yamaguchi?, K. Kojima', J. Nishio', K. Masahara’, Y. Ishida?, T. Takahashi?, T. Suzuki'
and S. Yoshida®

'"Ultra-Low-Loss Power Device Technology Research Body (UPR) and Advanced Power Devices
Laboratory, R&D Association for Future Electron Devices, c/o AIST, 1-1-1 Umezono, Tsukuba, Ibaraki,
305-8568 Japan, Tel. 81-298-61-5901, Fax. 81-298-61-5402, E-mail: t-oono@aist.go.jp

% UPR and Power Electronics Research Center, AIST

The replication of defects such as screw dislocation and basal plane dislocation from 4H-SiC wafer
to the epilayer was investigated by reflection X-ray topography. The Berg-Barrett geometry was
employed using CuK ¢ radiation and the g vector was 1128. The incident angle to the surface of
samples was 4.9 deg. and the absorption depth is 6.0 .« m under these conditions.

Figure 1 shows the topographs from (a) 4H-SiC epilayer with a thickness of 30 » m and (b) 4H-SiC
watfer on which the previous epilayer was grown. The topograph (b) was recorded before the growth of
epilayer. The screw dislocations marked A are observed in both topographs at the same position. They
are perfectly replicated from the wafer to the epilayer with the strained area around them. Basal plane
dislocations form a network in the wafer, as marked B in topograph (b). Most of them are not replicated
to the epilayer but a few are observed at same position of both topographs as marked C. The defects
marked D and marked E are observed only in the epilayer. These defects are produced during the growth.
The formers are needle-like and elongated to the off orientation. The topographs from epilayer depend
on its thickness. Details will be shown at the conference.

Fig. 1 Berg-Barrett topographs from (a) 4H-SiC epilayer and (b) the wafer on which the previous
epilayer was grown. CuK ¢ radiation. g=1128

Acknowledgement This work was performed under the management of FED as a part of the METI
Project (R & D of Ultra-Low-Loss Power Device Technologies) supported by NEDO.
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Simulation of High-Temperature SiC Epitaxial Growth Using
Vertical, Quasi-Hot-Wall CVD Reactor

M. Hasegawa', K. Masahara', Y. Ishida’, T. Takahashi® T. Ohno', J. Nishio',
T. Suzuki', T. Tanaka', S. Yoshida®, and K. Arai’

'Ultra-Low-Loss Power Device Technology Research Body (UPR) and R&D Association for
Future Electron Devices (FED), Advanced Power Device Laboratory, c/o AIST, 1-1-1,
Umezono, Tsukuba, Ibaraki, 305-8568 JAPAN
*UPR, National Institute of Advanced Industrial Science and Tecnology (AIST), 1-1-1,
Umezono, Tsukuba, Ibaraki, 305-8568 JAPAN

High-voltage SiC power devices use thick epitaxial layers so that achieving high growth 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
growth rate at high temperature rather decreases with increasing temperature because of H,
etching of SiCl'l.  We investigated the epitaxial growth model at high temperature by using
computer simulation based on the competing reactions of H, etching and deposition taking
account of the experimental data.

A vertical, quasi-hot-wall CVD reactor 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 C3;Hg, and carrier gas was H,. The
competing reaction on the SiC substrate surface was assumed as follows:

2SiC+H, ¢ 2Si(g)+ C;H, (R1)

The simulation indicated that the source gases are completely decomposed to Si(g) and C,H,
near the SiC substrate surface, and Si(g) and C,H, are also generated by the H, etching reaction
at high temperatures (21640°C). As the result, it is considered that epitaxial growth rate is
dominated by the three major reaction paths at high temperature, namely (i)SiC etching by H,,
(i)re-deposition of the byproducts of etching, and (iii)deposition by source gases. The
experimental data were well explained by this competing growth model.

Reference: [1] K. Kushibe et al., Proc. of ICSCRM *99 (1999) 470.
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Fig.1 Temperature dependence of etching, deposition and growth rates.

Acknowledgement This work was performed under the management of FED as a part of the
METI Project (R & D of Ultra-Low-Loss Power Device Technologies) supported by NEDO.
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Homoepitaxial growth of cubic silicon carbide by sublimation epitaxy
T. Furusho, Y. Okui, S. Ohshima and S. Nishino
Department of Electronics and Information Science,

Faculty of Engineering and Design
Kyoto Institute of Technology, Japan
e-mail: furush5t@djedu kit.ac.jp

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 growth of cubic silicon carbide was carried 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 growth rate in CVD is 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
growth rate (over 100um/h) [2].

Crystal growth was carried out on cubic silicon carbide substrates. These substrates
were grown on silicon or silicon carbide substrates by CVD. The growth temperature and
the growth pressure during the homoepitaxial growth process were 1850°C and 30Pa,
respectively. Crystal growth proceeded in argon atmosphere. In these conditions, the
growth rate was about SOpm/h.

Fig.1 shows Raman spectra of the substrate
and the grown layer. The thickness of the
substrate and the grown layer were about 20um T T
and about 300um, respectively. 3C-SiC LO
phonon peak near 974cm™ [1] is observed at
both spectra. Therefore, it is considered that the

Grown layer

o : \ Iy LO
cubic silicon carbide layer is grown on the Z
cubic silicon carbide substrate. The surface of #g — Substrate -
the grown layer was smoother than that of the ™ TO
substrate and anti phase boundary (APB) A ,,\,WJ

density was lower than the substrate. M

In order to characterize grown layers, Raman [ [ l
scattering and X-ray diffraction were used. 800 900 _11000
Moreover, the electrical property of the film Raman shift [cm™]

- . . Fig.1 Raman spectra of the
apd characteristics of Schottky diode will be substrate and the grown layer.
discussed.

[1] Yi Chen, Dr. thesis, Kyoto Institute of Technology, 1999.
[2] T. Furusho, S. Ohshima and S. Nishino, Materials Science Forum 353-356 (2001)
p.73.
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Electron-irradiation-induced amorphization in 6H-SiC by 300 keV
transmission electron microscopy equipped with a field-emission gun

In-Tae Bae*, Manabu Ishimaru®, Yoshihiko Hirotsu®

*Department of Materials Science and Engineering, Osaka University, Suita, Osaka 565-0871, Japan
The Institute of Scientific and Industrial Research, Osaka University, Ibaraki, Osaka 567-0047, Japan
*Tel.: +81-6-6879-8431, Fax.: +81-6-6879-8434, E-mail: itbac22(@sanken.osaka-u.ac.jp

Irradiation 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. One of the most
important parameters for describing radiation damage is the threshold displacement energy
(E4), which is defined as the minimum kinetic energy to create a stable Frenkel pair. Much
effort has been devoted to determine E4 of SiC, but the values estimated experimentally are
considerably scattered over nearly an order of magnitude. In this study, we performed
electron irradiation into 6H-SiC using in-sifu transmission electron microscopy (TEM).

Single crystalline wafers of 6H-SiC (Cree, Inc.) were fabricated into samples
appropriate for TEM study. Electron-irradiation experiments were performed at room
temperature using JEOL JEM-3000F with incident electron energy of 300 keV. This facility is
equipped with a field-emission gun as an electron source whose electron flux (~5x10* A/cm?)
is larger than conventional LaBg¢ filament (~20 Alem?).

High-resolution TEM observations and electron diffraction experiments indicated
that the electron-irradiated area is successfully amorphized, though the present irradiation
conditions are beyond those required to induce a crystal-to-amorphous phase transformation
(the incident electron energy of >750 keV and the temperature of <290 K) [1]. The E4
calculated assuming the incident electron energy of 300 keV turned out to be ~30 eV for
silicon. The E4 obtained here is quite similar with that in experimental and theoretical reports:
30-35 eV by Rutherford backscattering technique [2] and 35 eV by molecular-dynamics
calculation [3]. Because of high-electron flux of field-emission gun used here, it is considered
that the damage-producing rate dominates over the recovery rate in the electron-irradiated
area. We will also report an example of nano-fabrication of SiC using electron-beam-
irradiation.

[1] H. Inui, H. Mori, and H. Fujita, Philos. Mag. B 61, 107 (1990).
[2] W. Jiang ef al., Nucl. Instrum. and Meth. B 148, 557 (1999).
[3] R. Devanathan and W. J. Weber, J. Nucl. Mater. 278, 258 (2000).
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Observation of 2 inch SiC wafer by SWBXT at 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
SiXON Ltd., Saiin-hidericho 27-1, Ukyo, Kyoto 615-0065, Japan’

E-mail: sasakitm@djedu.kit.ac.jp, nishino@djedu kit.ac.jp

SiC bulk crystal made by sublimation method has a lot of defects and stress fields. These
defects affect performance of device operation. So we must investigate and decrease defects
and stress fields. X-ray topography is useful tool to observe defects and stress fields in a wafer.
By using SWBXT (Synchrotron White Beam X-ray Topography), we observed the defects
using facilities at SPring-8 (BL28B2). SR beam at SPring-8 has much merit, such as 8GeV
electron beam energy, ultra-bright, highly directional, linearly polarized and so on. So, we
tried to observe 2inch SiC wafers and discussed about defects more detail. We prepared 2 inch
(0001) and (11-20) SiC wafers, which were made by sublimation method and measured by
transmission and reflection mode. Fig.1 shows the topography of transmission mode. The
directions of incident beam of Fig.1 (a) and
(b) were <1-100> and <11-20> and
diffracted planes were (11-23) and (1-103),
respectively. Fig.1 (a) and (b) were observed
at same area. But the images were different
each other. From these images, Fig.1 (b) has
more fine stripes than Fig.1 (a). Fig.2 shows
these fine stripes. The contrast in Fig.1 (a)
corresponded to the sub-grain boundaries,
whose Burgers vector was <11-20>. And
many fine stripes in fig.1 (b) were small
defects or stress fields whose Burgers vector
was <1-100> 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 appeared as small defects.
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Fig.1 X-ray topography of (0001) 6H-SiC
(transmission mode)

Fig.2 Enlarged image of Fig.1 (b)
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Adsorbate Effects of the Surface Structure of 6H-SiC(0001) V3xv3 R30°

Tomohiro Aoyama, Yoshiyuki Hisada*, Shinichi Mukainakano* and Ayahiko Ichimiya
Dept of Quantum Eng., Nagoya Univ., Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan
* DENSO CORPORATION, 500-1 Minamiyama, Komenoki-cho, Nisshin,
Aichi 470-0111, Japan
TEL: +81-52-789-3714, FAX: +81-52-789-3703
E-mail: aoyama@surf.nuqge.nagoya-u.ac.jp

Surface structures of 6H-SiC(0001) v3xV3 R30° surfaces have been studied by rocking
curves of reflection high energy electron diffraction (RHEED) intensities and Auger electron
spectroscopy (AES).

Two types of V3xV3 surfaces, V3xV3-Si (oxygen free) and V3xV3-C surfaces (oxygen
adsorbed), were observed in a series of an annealing process. The V3xV3-Si surface was
obtained by annealing the Si pre-deposited specimen in a Si flux for 3 min at 1045°C.  After
leaving the V3xV3 surface in a UHV chamber for 23 h, the RHEED pattern showed 1x1
periodicity, which turned into the V3xV3-C surface by annealing the 1x1 surface for 30 sec at
810°C. Rocking curves and AES spectra from the two V3xV3 surfaces clearly show that the
two V3xV3 surfaces are structurally different. Peak-to-peak intensity ratios of Si LVV to C
KLL peaks are 2.2 and 0.92 for the V3xV3-Si and V3xV3-C surfaces, respectively. The
V3xV3-C surface transformed into the V3xV3-Si surface again by further annealing for 30 sec
at 940°C. Rocking curves from the surface structures of the two V3xV3 surfaces have been
analyzed by RHEED dynamical 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 C trimer structure.

In order to find what causes the phase transition from the V3xv3-Si to the V3xV3-C phases,
hydrogen gas and oxygen gas are exposed to the V3xV3-Si surface at room temperature, then
the samples are annealed to 700°C and 790°C in UHYV, respectively. In the case of the
hydrogen-treated V3xv3, the RHEED rocking curves and the Auger spectrum show good
agreement with the V3xV3-C surface formed by annealing in UHV as mentioned above.
Therefore, it is reasonable to suppose that the rearrangement of the V3xV3 surface in UHV is
caused by adsorption of hydrogen on the V3xV3-Si surface.
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Annealing Kinetics of the implantation-induced amorphous layer
in 6H-SiC(0001)

Tomonori Nakamura, Seiken Matsumoto, Tatsunobu Horibe, and Masataka Satoh
Research Center of lon Beam Technology and College of Engineering, Hosei Unversity,
Koganei, Tokyo 184-8584, Japan

Phone: +81-42-387-6091, Fax: +81-42-387-6095, E-mail: gonne@ionbeam.hosei.ac.jp

We reported that the amorphous layer on (11-00) and (112-0) oriented SiC can
recrystallized to the original polytype structure by annealing below 1000 °C. However, there is a
few study about the annealing kinetics of the implantation-induced amorphous layer in (0001)-
oriented SiC. In this study, we report the annealing kinetics for the Ar ion implantation-induced
amorphous layer of (0001)-oriented 6H-SiC in annealing temperature below 1000 °C.

Figure 1 shows the image of the cross-sectional electron transmission microscopy taken
from 6H-SiC, implanted with 100 keV Ar at a dose of 2 x 10%/cm? at room temperature, before
and after annealing at 950 °C for 1 hr. In the as-implanted sample, the 120-nm thick amorphous
layer can be observed. On the 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 II in
figure. Regions I and II contain a large amount of micro-3C SiC crystals and a small amount of
relatively large 3C-SiC crystals, respectively. It is suggested that the regrowth mechanism was
changed during the annealing. Figure 2 shows the annealing time dependence of the thickness of
the regrown 3C-SiC from 320 nm-thick amorphous layer. At the first stage, the regrowth rate is
very small and is estimated to be 0.044 nm/min at 800 °C, which is 2 order of magnitude smaller
than the case of (11-00)-oriented 6H-SiC. This slow regrowth corresponds to the growth of
micro 3C-SiC crystals (see Region I in fig. 1). After regrowth of 3C-SiC layer with a thickness
of about 60 nm, the regrowth rate is increased to 10 times faster than the first stage, which is
connected to the growth of the large 3C-SiC crystals (Region II in fig.1). The regrowth rate in
the second stage is estimated to be 0.35
nm/min at 800 °C. The activation energy of
the regrowth of 3C-SiC is estimated to be 3.4
eV for both first and second stages, which is in
good agreement with those of (11-00) and
(112-0) oriented 6H-SiC.
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4H-SiC Schottky diodes with high on/off current ratio

K.V. Vassilevski®2, A. B. Horsfall', C. M. Johnson', N. G. Wright', A.G. O'Neill!

"' Department of Electrical & Electronic Engineering University of Newcastle upon Tyne, Newcastle upon

Tyne, NE1 7RU, United Kingdom

Tel. +44(0)1912227595 Fax. +44(0)191 222 8180 E-mail: a.b.horsfall@ncl.ac.uk
loffe Institute, St.Petersburg, 194021, Russian Federation

Silicon carbide Schottky Diodes (SD) with moderate
blocking voltage (~300-1200V) are of great interest
due to their high switching speed compared to Si PiN
diodes. However, the on/off current ratio at fixed
forward and reverse biases does not always compare
as favourably. In this paper, we describe the
fabrication and characterisation of SiC SD with
moderate blocking voltage, having reduced reverse
current and improved on/off current ratio.

The reverse current in a SiC SD depends on the
contact metal barrier height and the applied voltage.
Furthermore, the current under reverse bias is defined
mainly by current flow through the contact periphery,
where crowding increases the electric field.
Conversely, the electrical characteristics of the diode
under forward bias, are defined by the current flow
through the whole diode area. Hence, the reverse
current may be decreased with no increase in forward
voltage drop if a thin strip of metal with higher
barrier (e.g. Ni, 1.6 eV) surrounds the contact
consisting of the metal with lower barrier height (e.g.
Ti, 1.2 eV).

Commercial 4H-SiC n-n" wafers (3-10"°cm™; 10

pm) were used to fabricate these diodes. All metals
were deposited with no sample heating. Nickel, 100
nm thick, was deposited on the back side of the wafer
and annealed at 1100°C to form the ohmic contact.
To form the SD, titanium (4-15 nm thick) and nickel
(100-150 nm) were deposited consecutively. After
geometry

contact definition by  contact

[z 1] =
Ph/R Ti n-SiC n"-SiC Ni

photolithography and chemical etching of Ni
(Fig.1b), the Ti was etched selectively to nickel
(Fig.1c) in liquid etchant. The time of overetching
defined the width of the Ni strip. During specimen
drying, the Ni film was bent by surface tension forces
forming tight contact to SiC (Fig. 1d). Finally, the
Schottky contact was formed by annealing at 450-
650°C for 60 min.

The diodes had a breakdown voltage of about 750
V. with a barrier height in forward bias of 1.2V, (as
observed for Ti SD) whilst the reverse current was
similar to Ni SD (Fig. 2). They had an on/off current
ratio at 1V/500V of about 5-10°, This value exceeds
the on/off ratio of Ti/SiC and Ni/SiC SD fabricated
on the same epitaxial wafer and exceeds those
published in the literature for SD with moderate
breakdown voltage. To verify the formation of Ni
contact strip around Ti Schottky contact, it was
decorated as indicated in Fig. le-1f. A SEM picture
of the decorated edge strip is shown in Fig. 3. Full
details of the diode fabrication and electrical
characterisation will be given in the final paper.
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fabrication and (e - f) edge metal strip decoration.
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Characteristics of MESFETs made by Ion-implantation in Bulk Semi-insulating 4H-SiC

S. Mitral, M. V. Raol*, N. Papanicolaou2 and K. Jones™
' Department of Electrical and Computer Engineering, George Mason University, Fairfax, VA 22030, USA
* Naval Research Laboratory, Washington DC 20375, USA
’Army Research Laboratory, Adelphi, MD 20783-1197, USA
*Corresponding Author, 4400 University Drive, Fairfax, VA 22030, USA; Ph: 703-9931612, Fax: 703-9931601,
Email: rmulpuri@gmu.edu, * Presenting Author

In this work, I-V, C-V and DLTS characteristics of fully ion-implanted n-channel Metal-
Semiconductor Field-Effect-Transistors (MESFETs) made in semi-insulating (SI) bulk 4H-SiC
with W/L = 280 um/ 2 um are studied. In order to create the source/drain and the channel
regions of the MESFET, nitrogen implantations were performed to a depth of 300 nm at room
temperature to volumetric concentrations of 2x10" ¢m™ and 6x10!7 cm?, respectively. To
activate the implants, annealing was performed for 15 minutes at 1450°C in an argon ambient
using an AIN encapsulation. Ohmic contacts to the source/drain areas were formed by e-beam
evaporation and lift-off of Ni (100 nm), followed by a 1200 °C / 3 minute anneal in vacuum. Al
Schottky gate metallization (~100 nm thickness) was performed by e-beam evaporation. From
capacitance-voltage (C-V) measurements taken before forming the channel recess, the channel
substitutional dopant concentration was found to be 3x10'’cm™, which represents a 50%
activation of the implanted nitrogen species in this region. Van der Pauw Hall measurements of
on-wafer test patterns showed a room temperature volumetric carrier concentration of 2x10"cm>,
with a bulk electron mobility of 240 cm” / V-s. The pinch-off voltage and the saturation drain
current (/) of the MESFETs are found to be —18 V and ~30 mA, respectively. The drain
conductance (gy) and the mutual transconductance (g,,) calculated from the MESFET’s Ip-Vps-
Vs curves are 7.9 mS and 5.4 mS, respectively. A poor source/drain ohmic contact resistance of
~ 107 Q-cm? is believed to be partially responsible for these low conductance values. The
MESFETs showed stable device characteristics over the temperature range 25°C-350°C. Due to
the poor ohmic contact resistance value, the channel carrier mobility extrapolated from the gy
and g, values is about 5 times smaller than the bulk Hall carrier mobility. The residual implant
lattice damage at the interface is also partially responsible for the low g, and gy values. To
investigate the implant lattice damage induced traps in the MESFET structure, we performed
Deep Level Transient Spectroscopy (DLTS) measurements on the channel/SI substrate interface
in the temperature range from 200K to S50K. A Schottky gate reverse bias voltage of ~-10V 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 0.51 eV, 0.6 €V, 0.68 eV, 0.768 ¢V and 0.89 eV above the valence
band edge (Ey) at relatively high concentration (N; ~ 0.01 N,, where N; is the net carrier
concentration). The trap located at £, + 0.51 eV is believed to be due to a point defect created by
nitrogen implantation, and the trap at £, + 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
unknown at this time. The normalized 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 MESFET devices. Optimization of the
implant/annealing temperatures and source/drain ohmic contact formation parameters are
expected to yield improved device performance to make ion-implantation in SI substrates an
attractive doping process for SiC device fabrication.
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Epitaxial growth of (11-20) 4H-SiC using substrate grown in the [11-20] direction
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Homoepitaxial growth on 4H-SiC (11-20) substrate grown in the [11-20] direction by sublimation
method has been investigated by low-pressure, hot - wall type CVD reactor with SiHy — C3Hg — H, —
system. Typical gas flow rate of H,, SiH; and CsHg were 40 slm, 6.67 sccm and 3.33 sccm,
respectively. The growth temperature and the reactor pressure were 1600°C and 250 mbar, respectively.

The surface of epilayers exhibited smooth and no defects morphology with the surface roughness
(Rms) of 0.14nm in 16um square. This roughness was smaller than that of epilayer grown on
conventional (11-20) substrate grown in the [0001] direction. By KOH etching experiment, it was
found that the stacking fault in the substrate was replicated to the epilayer and the density of the
stacking faults was in the order of 10*cm™. The surface morphology was not affected by the stacking
faults of this density range.

Figure 1 shows the x-ray rocking curve at 11-20

_~
reflection peak obtained from 5 um-thick epilayer. 8 20=60.9

This epilayer exhibited the sharp and single - zig ;ccai’l‘;s

diffraction peak in both x-ray incident directions of ) i

parallel and perpendicular to c-axis. The FWHM of 5 I

each peak was 13.7 and 15 arcsec respectively. In 2 1

our previous study, epilayers grown on conventional g ’ |

(11-20) substrate exhibited splitting and broadening g t %

(FWHM=477 arcsec) of the diffraction peak in the k= / !

incident direction of perpendicular to c-axis [1]. The o Moo
crystalline quality of (11-20) epilayers is improved -200  -100 0 100 20
by using the substrate grown in the [11-20] w (arcsec)

direction. Figure 1. X-ray rocking curve of w scan

The characteristics of MOS structure fabricated
on this epilayer will be also presented in this conference.
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Improvement of SiO,/a-SiC interface properties by nitrogen radical treatment
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Si MOSFETs have good characteristics of fast switching and a low value of on-resistance (Ron)
reduced year by year. The R,,, of Si MOSFETSs has almost reached a theoretical limit originated from
material properties of Si. So it is important to develop MOSFETs on SiC to achieve further reduction of
R for future evolution in power electronics. However, it is difficult to fabricate high performance
MOSFETs on SiC because of poor interface characteristics of SiOy/SiC. In recent years, a number of
studies have been conducted on the effect of NO annealing, which improves SiO,/4H-SiC interface

properties. In this study, we propose a new method for the improvément of Si0y/a-SiC interface quality

by irradiation of N radicals with high reactivity at low temperatures.

N-type 6H- and 4H-SiC Si(0001) face epilayers with donor concentration of 2 % 10"°cm™ were used.
After standard RCA cleaning, dry oxidation was performed at 1100°C for 2h followed by post
oxidation annealing in Ar at 1100°C for 30min. The oxide thickness was approximately 14nm
determined by accumulation capacitance in high-frequency C-V curves. In N radical treatment, N, gas
(gas flow:1.25sccm, pressure:1~5 X 10°Torr) was activated by RF power (13.56MHz, 230W) applied
to an induction coil. Charged species, which would cause damage to the oxide film, were eliminated
from N plasma with the use of ion trap electrodes. So electrically neutral N radicals were irradiated to
the surface of the sample. After growing the oxide film and N radical irradiation, angle resolved XPS
(ARXPS) measurement was carried out to estimate atomic components in the oxide film. MOS
capacitors with gate electrode of Al were fabricated. High-frequency (IMHz) C(G)-V measurements

were performed to evaluate SiO»/o-SiC interface properties.

Fig. 1 shows the SiO»4H-SiC interface trap density determined by the Terman method. Fig.1 extends
that the N radical treatment reduced ‘interface trap density from 6 x 10”%cmeV! to 4X 10%cm eV at
the Fermi energy for 4H-SiC. The reduction of interface trap density was also observed for 6H-SiC (1.3
x10%cm2eV! and 5.5 x10"cm?eV! before and after the N radical treatment, respectively). The
improved property was maintained after N, annealing at 1050°C. From ARXPS measurement,
approximately 2-4at% N atoms were incorporated into the oxide film. Fig2 shows N1s peak area as a
function of depth, which represents N distribution in the oxide film. The result indicates that most of N
atoms are accumulated at the surface of SiO,. The improvement of interface properties was assumed to
be due to interface modification by introducing small quantity of N radicals reached to the SiOa-SiC
interface, which could not be detected by ARXPS measurement due to low sensitivity.
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Fig.1 Energy distribution of D; for n-type 4H-SiC Fig.2 XPS depth profiles of N radical processed SiO,/4H-SiC
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Effects of Surface Treatments of 6H-SiC upon Metal-SiC Interfaces
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1. Introduction

Surface treatments to obtain clean and ordered surfaces of semiconductors are basic techniques. It is
well known that the H terminated Si surfaces are obtained by HF treatments, and these surfaces function
against chemical attacks of contaminants such as O and C, which degrade metal-Si interface quality [1].
In this study, we report on effects of surface treatments of 6H-SiC upon metal-SiC interfaces.

2. Experimental

Samples of n-type (Np-N=8.61x10'7/cm’) 6H-SiC (0001) Si-face were used in this study. In order to
reduce scratches, as received samples were polished with colloidal silica before chemical treatments. To
remove organic contaminations, H,SO4H,0, treatment at 150 °C was performed. After rinsing in
deionized water, the samples were dipped in boiling HF (BoHF) at 95 °C (10 min x 3 sets) or in HF at
room temperature (30 min). Some of BoHF and HF treated samples were rinsed in deionized water. The
elemental composition of the surface was investigated by Auger electron spectroscopy (AES). For
current-voltage (I-V) measurements, Al contacts were fabricated by thermal evaporation with a base
pressure of ~3x10” Torr.

3. Results and Discussion

AES analysis indicated that the main elemental S ' '
composition of the surfaces after chemical treatments was 40r —_— g%HF 1
Si, C, and O atoms. The peak-to-peak height of the O KL I
AES peak, which was normalized by the BoHF treated
sample, was 1.00 (BoHF), 1.03 (BoHF+Rinse), 1.14 (HF),
and 1.25 (HF+Rinse). After exposing these samples to air  p 0
for 100 min, the O KLL peak-to-peak height changed to i
1.10, 1.13, 1.25, and 136, respectively. From these -20f .
analyses, it was found that the BoHF treatment removed i
O atoms from the surface and rinsing in deionized water  -40f .
added O atoms to the surface. In order to investigate R 5
metal-SiC interfaces, Al contacts were fabricated on the Voltage (mV)
BoHF and HF-+Rinse treated samples, subsequently Fig. 1. I-V characteristics of the BoHF and
exposed to air for 100 min. Fig. 1 shows I-V HF+Rinse treated samples, subsequently
characteristics of the two samples. Significant differences €xposed to air for 100 min.

were not found between two samples. We think that ohmic contacts were achieved because of gettering

of O atoms to Al contacts and the sharp Al-SiC interface formation.
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Hot Wall CVD Growth of 4H-SiC Using Si,Cls+C;Hg+H, System
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In these days, it has been succeeded in homoepitaxial growth of silicon carbide (SiC) by
hot wall CVD using SiH4+C3;Hg+H; system. It is desired to epitaxial growth using other safety
silicon source material. And then, we have grown SiC using hexachlorodisilane (Si,Cls) as a
silicon source material. Si,Clg is a safe material and we already succeeded in a homoepitaxial
growth of SiC by cold wall CVD. In this paper, we report homoepitaxial growth of 4H-SiC by
hot wall CVD using Si,Cl¢+C;Hg+H, system.

A growth condition was as follows: Si;,Clg flow rate is 0.3sccm~0.6sccm as a silicon
source gas, C3Hg flow rate was 0.2sccm~0.4sccm as a carbon source gas, H, flow rate was
3.0slm as a carrier gas, a growth temperature were 1550°C~1650°C, a growth time were
60min~300min. 4H-SiC(0001)Si8.0°<11-20>o0ff-axis was used for the substrate. A SiC coated
separable cylindrical graphite blocks with square channel were used as a susceptor and a rf
generator was 300kHz-20kW. The growth rate was about 2um/hour at Si;Cls flow rate was
0.3sccm.

At 1550°C growth, though the shallow round pits increased at Si-rich condition on the
surface morphology of cold wall CVD, these pits increased at C-rich condition on that of hot
wall CVD. In hot wall CVD the reaction gas was effectively dissociated, and generated
different active chemical species from cold wall CVD. Therefore we got such a different
surface morphology tendency to C/Si ratio between cold wall CVD and hot wall CVD.

At 1650°C growth, scratch like defects that array along to [1-100] direction was observed
(Figurel). We think 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, when we took out an upper
part of the susceptor block in order to
minimize the radiation heating, these defects
became deeper. We think 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
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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
breakdown electric 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 uniform.[1] Since spatially inhomogeneous doping 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-transform infrared (FTIR) spectroscopy.
The sample used in this study was an intentionally inhomogeneous N-doped 6H-SiC wafer grown by
modified Lely method. Reflectance measurements were carried out using a FTIR spectrometer at
room temperature. The spatial resolution was 50 pm. Figure 1 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 phonons and plasmons.[2] From the
analysis, carrier concentrations and mobilities were estimated to be 7.2X 10" cm™ (u = 11 em?V''s™)
and 9.7X10"7 em™ (u =73 em’V''s™") for reflectance spectra shown in Fig. 1(a) and (b), respectively.
Figure 2 shows the carrier concentration profile in the inhomogeneously doped SiC wafer. The
measurements were made at 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.

[1]1J.C. Burton et al., J. Appl. Phys. 84 (1998) 6268.
[2] H. Harima, S. Nakashima and T. Uemura, J. Appl. Phys. 78 (1995) 1996.
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Fig. 1 Reflectance spectra of SiC. Fig.2 Line profile of carrier concentration in SiC.
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Characterization of inclusions in SiC bulk crystals grown by modified Lely method
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There have been the intense demands of a high quality silicon carbide (SiC) single crystal.
However the quality still needs further improvement, because the crystals still contain a
number of 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, we have
investigated two types of the inclusions, which have not been reported. They were 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 was performed in a high purity argon ambience at 10 Torr. The
temperatures of the top and bottom of the crucible were 2200°C and 2250°C, respectively.
The inclusions in the SiC bulk crystals were characterized with optical microscope and
EPMA.

The dendrites were observed only in the SiC bulk crystal grown with the source powder
without the chemical treatment. The components of the dendrites were measured by EPMA.
The dendrites consisted of carbon, vanadium and titanium, which molar fractions were 0.41,
0.36 and 0.23, respectively. Silicon was not almost contained in the dendrites. It was
considered that vanadium and titanium were incorporated into the SiC bulk crystals from the
source powder and then the dendrites were generated by condensation of titanium carbide
and vanadium carbide during the growth. Use of high purity source will prevent such
generation of dendrite. Vanadium is used as the dopant of semi-insulating SiC single crystals.
Such generation of the dendrites is a serious mater in the growth of the high quality
semi-insulating SiC bulk crystals. The transparent inclusions with oval like shape are
observed in the SiC bulk crystal grown with the chemical treated source powder. Misoriented
phases mainly originate from these transparent inclusions. The inclusions had a small core
on the optical microscopic observation. From the result of EPMA, the components of 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 METI partly through NEDO. The authors thank
Mr. M. Okada for his help on EPMA analyses.
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Temperature Dependence of Sublimation Growth on 6H-SiC (1120) Substrates
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1. Introduction

Crystal growth on (1120) substrates is strongly focused due to the high channel mobility of
MOSFET [1] and the low leakage current of schottky diode [2]. Since crystals of SiC has been
conventionally grown on (0001) substrates, crystal growth on (1120) substrates has not been
researched sufficiently. To grow high quality crystals on this plane, further investigation of growth
mechanism is important. The role of "low-temperature growth process” insertion was investigated.
2. Experiment

Crystals were grown by the sublimation method. (1120) substrates were prepared by cutting
the boules previously grown on (0001) substrates. The source material was abrasive SiC powder.
Temperature at the bottom of the crucible (Tb) was monitored by optical pyrometer. Crystals were
grown in argon or nitrogen atmosphere. Growth pressure (p) was approximately 40 Torr. Surface
was observed by optical microscope, scanning electron microscope and atomic force microscope.
3. Results and Discussion

Figures (i) and (ii) are the surface morphology of the crystals grown on (1120) substrates in

nitrogen atmosphere. Figure (i) 1s a crystal which grown at Tb=2400 °C and p=40 Torr for 1 hour.
The surface was undulated. By introducing a "low-temperature growth process", surface flatness

was improved as shown in Figure (ii). A crystal shown in Fi 1gure (u) was grown at Tb—2100 °C and

p=100 Torr for 1 hour before growing at Tb=2400 °C and
p=40 Torr for 1 hour. Insertion of this "low-temperature
growth process" was effective to improve crystal quality.
Since (1120) surface has a higher surface energy, an
"adhesive" type growth is dominant than step flow growth.
So, it is important to grow crystals in two-dimensional
mode on (1120) substrates. If crystals grow in three-
dimensional mode, hollow core defects would be produced
[3]. To grow crystals in two-dimensional mode on (1120)
substrates, atomically flat and defect free surface is key,
since nucleation would preferentially occur at defect sites
on the surface. At lower growth temperatures, surface
diffusion length of migrating species become shorter and
smaller islands nucleate with high density. This high
density nucleation of islands enables the homogeneous
coalescence at initial stage of the growth with low defect
formation. In this way, flat surface with low defect density
which is important to realize two-dimensional growth on
(1120) substrates was achieved. The difference between the 8 100 pm
growth in nitrogen atmosphere and in argon atmosphere ) ,
will be also presented at the conference. gﬁ;"g gOr;:;;c: ! ;’:c"(’lsﬁ%)e ’;‘;‘E‘t”rsatg{ ”,',e,
References nitrogen atmosphere.

[1] H.Yano et al., Jpn. J. Appl. Phys. 39 (2000) 2008. (i) 1 hour growth at Tb=2400°C, p=40 Torr.
(ii)1 hour grown at Tb=2100°C, p=100 Torr

[2] T.Klzm(?to etal., Mat. Sci. Forum 338-342 (2000) 189. (v, temperature growth process™, followed
[3] T.Nishiguchi et al., in abstracts of ICSCRM 2001. by 1 hour growth at Tb=2100°C, p=40 Torr.
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Vapor Phase Epitaxial Growth of n-type SiC Using Phosphine as the
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The material properties of SiC make it an interesting semiconductor for devices operating
at high temperature, high power, and high frequency. As the development of device proceeds, the
demands on the quality of the epitaxial layer and the doping controllability are rapidly increasing.
Nitrogen and phosphorous are the most common n-type dopants in SiC. While nitrogen doping
and its incorporation mechanisms during epitaxial growth have been studied extensively by
several groups [1-3], not much research work has been reported on in-situ doping using
phosphorous.

We have carried out phosphorous doped SiC epitaxial growth in a horizontal, water-
cooled cold wall reactor. Experiments were performed at temperatures ranging from 1500-
1620°C. Silane (2% in H;) and Propane (2% in H,) and phosphine (1000ppm in H,) were used as
Si, C and P precursors, respectively. Substrates were (0001) Si-face 4H-SiC and 6H-SiC from
Cree. The epitaxial layers were characterized by mercury probe CV measurements and SIMS.
The doping dependencies on PHj flow, growth 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 Hy, SiH4 and CsHg were fixed at 7slm, 1 sccm and 1.2 scem respectively. It is
shown that the n-type doping concentration in the range of mid 10"° cm™to mid 10" cm™ can be
achieved when PH3 flow was varied from 0.05 sccm to 1 sccm. Also the increase of doping
concentration is approximately proportional to the square root of PH; flow. Study on the effect of
growth temperature showed that phosphorous doping decreased when temperature is increased
from 1500 to 1620°C. This was explained by the enhanced desorption of Phosphorous-containing
species on the growth surface at higher temperature. The site-competition growth was carried out
with C/Si ratio varied from 0.3 to 14. It was shown that phosphorous incorporation was
insensitive when C/Si was higher than 3 or lower than 0.9. However, the phosphorous
incorporation increases with decreased C/Si ratio when C/Si is between 3 and 0.9. This is
opposite to what has been reported in reference [4]. The difference might originate from different
growth conditions (pressure, H, flow, etc.). Our result seems to suggest that phosphorous might
occupy C site rather than Si site at certain growth conditions.
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A Simple Mapping Method of Elementary Screw Dislocations in Low-doped
Hexagonal SiC Epitaxial Layers
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The morphologies of etch pits of three different kinds of dislocations in low-doped
hexagonal polytype epitaxial layers have been investigated by KOH etching, synchrotron white
beam x-ray topography (SWBXT), optical microscopy, and atomic force microscopy (AFM). A
simple method by KOH etching and polishing for monitoring elementary screw dislocations in
SiC epilayers is proposed.

Elementary screw dislocations are known to reduce the breakdown voltage of SiC p-n
junctions and Schottky barriers. There are major efforts underway in reducing their density in
both substrates and subsequent device layers. To do so, it is important to have or to develop a
method for characterization of screw dislocation density and distribution.

The samples examined in this study were 4H-SiC wafers oriented 8° from the [0001]
toward the <112 0> directions with 10 pm thick epitaxial layers, and an on-axis n" 4H-SiC
substrate. The low-doped (~10"° cm™) epitaxial layers were grown on (0001) Si surface of
substrate by vapor phase epitaxy (VPE) at a low pressure (~100 mbar). Epilayers were etched
in molten KOH to reveal the locations where dislocations intersect the (0001) 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. AFM study of lightly etched layers
showed the 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 SWBXT image. Etched epilayers were carefully polished
with 6 pm diamond paste. It was possible to remove a top layer of the structure leaving only the
etch pits due to elementary screw dislocations. The same method was tested on the on-axis n*
substrate. The etch pits were all circular and in several different sizes, making it very difficult
to distinguish edge and screw dislocations.
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Power Schottky and p-n diodes on SiC epi wafers with reduced
micropipe density

A, Syrkin(l), V. Dmitriev'?, R. Yakimova®?, A. Henry(3) and E. Janzen®?

D7 echnologies and Devices International, Inc., Gaithersburg, MD 20877, USA

@ North Carolina State University, Raleigh, NC 27695-7919

® Okmetic AB, S-581 83 Linkoping, Sweden

@ Linkoping University, IFM, §-581 83 Linkoping, Sweden

Ph.: +1-301-208 8342

FAX: +1-301-330 5400

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 2 mm diameter devices fabricated with high
device yield on 2 inch 4H-SiC wafers with reduced micropipe density (RMD). Both Schottky
and p-n diodes were fabricated on epitaxial layers grown on SiC RMD wafers.

Micropipe filling process was done on (0001)Si face of off-axis commercial 2 inch 4H-5i1C
substrates with standard micropipe density. Micropipe density after the filling did not exceed
10 ecm>  4H-SiC device epitaxial layers about 10 microns thick with concentration
Ng-N, ~10"° + 10'® cm™ were consequently grown by CVD method. Schottky diodes without edge
termination were formed on the CVD layers by Ni (~15 nm) evaporation and consequent gold
deposition (~0.5 pm) in the same evaporation run, to ensure good spreading of electric current.

P"-layers for p-n diodes were grown on the CVD n-type layers by sublimation method.
Uniform p-type sublimation epitaxy for 2” SiC wafers was demonstrated for the first time. Mesa
structures for pn diodes were formed by reactive ion etching.

Diodes of 2000, 1000, 500 and 200 um diameter were fabricated. For more than 58% of
2 mm diodes, the leakage current was less than 1 pA at 300 V reverse voltage. For more than
50% of 2 mm diodes reverse voltage exceeded 600 V. Forward IV characteristics had a turn-on
voltage of about 1.25 V and state-on resistivity of about 4 Q. On-state resistance was determined
by doping level of the substrate and can be reduced by diode parallel connection.

Reverse blocking voltage for 2 mm pn diodes of over 700 V was obtained. For both Schottky
and pn diodes electric breakdown at device periphery was frequently observed. These results
show high 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-INDUCED CRYSTALLOGRAPHIC TRANSFORMATION IN
HEAVILY N-DOPED 4H-SiC WAFERS

B.J. Skromme and K. Palle
Department of Electrical Engineering and Center for Solid State Electronics Research
Arizona State University, Tempe, AZ 85287-5706

C.D. Poweleit
Department of Physics and Astronomy, Arizona State University, Tempe, AZ 85287-1504

W.M. Vetter and M. Dudley
Department of Materials Science and Engineering
State University of New York at Stony Brook, Stony Brook, NY 11794-2275

K. Moore and T. Gehoski
Physical Sciences Research Lab., Motorola, Inc., 7700 South River Parkway, Tempe, AZ 85284

Crystallographic stability of SiC during processing and device operation is of concern,
particularly because of the recent discovery that 4H to 3C polytype conversion can occur under
carrier injection in a pn junction. We have discovered a pronounced crystalline instability in 4H-
SiC wafers doped with unusually high levels of N (nominally 0.008 Q-cm resistivity, ~3x10%
cm™ donors) when the wafers are subjected to a standard oxidation cycle. A total of seven such
commercially obtained wafers (from five different boules), having ~2 um thick epitaxial layers
doped at the 1-1.5x10"7 cm™ level with N, were thermally oxidized at 1150 °C for 90 min. in dry
O, to a thickness of ~325 A. Their surfaces appeared normal and smooth prior to oxidation, but
immediately after oxidation exhibited dimpled regions, usually in the centers of the wafers and
surrounded by a pronounced ridge roughly 2 pm high. The sharp ridges separating dimpled from
undimpled regions generally coincide with the edges of the more heavily-doped central (dark)
regions in the substrates. Those regions presumably correspond to the (0001) growth facets in
the substrate boule. Some transformed wafers were characterized by confocal micro-Raman
scattering, synchrotron-based white beam X-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 (/-V) and capacitance-voltage (C-V)
methods. The barrier heights are uniformly lower in the dimpled regions by about 0.47 V
compared to the peripheral, undimpled regions of each wafer, independent of the Schottky metal
(even though the barrier heights differ by up to 0.6 V among the 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 show a dense cellular structure of dislocations only in the central, dimpled regions, but
were not able to detect any 3C material. The Raman measurements, which sample about the top
2 um of each sample, show phonons characteristic of 4H-SiC in both dimpled and undimpled
regions, but a marked enhancement in the relative strength of several modes including A{(LO) in
the dimpled regions. The PL measurements, however, show a dramatic shift in the highest
energy peak at 300 K from the usual 4H position of 3.16 eV in the undimpled peripheral regions
to 2.42 eV in the dimpled areas, suggestive of 3C regions or lamellae (which may be too small to
detect by Raman or topography). The 3C regions could also explain the reduced Schottky barrier
heights. Transmission electron microscopy and low temperature PL are in progress to clarify the
nature of the transformation. Possible causes will be considered. This effect may limit the
maximum doping that can be employed in n-type substrates.

This work was supported by the National Science Foundation under Grant No. ECS 0080719,
and by a Motorola Semiconductor Products Sector Sponsored Project.
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Observation of planer defects in 2 inch SiC wafer

H.Tanaka, T.Nishiguchi, M.Sasaki and S.Nishino

Department of Electronics and Information Science, Kyoto Institute of Technology
Matsugasaki, Sakyo, Kyoto 606-8585, Japan
Tel: +81-75-724-7415, Fax: +81-75-724-7400
E-mail: tanaka7h@djedu kit.ac.jp, nishino@djedu.kit.ac.jp

SiC bulk crystal has been grown by the sublimation method. The defects 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 was 40mm. As the crystal grew 15 mm, diameter was expanded
to SOmm by the sublimation method. Top of the grown bulk was convex 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 measured from the edge to the
center.

Though the shape of PD was all hexagon, not all PD were regular hexagon, e.g. distorted
hexagon, triangle, parallelogram and so on. The larger crystal grew, the less PD density
(PDD) became. The PDD at the edge region was almost same as that at the center region. The
MP density of the edge region was less than that of the center region.

Figurel shows the distribution of PD size (PDS) in each wafer. The PDS close to the
substrate was smaller than that near the surface. The PDS was smaller at the edge region than
that of the center region. Before the growth, the growth surface was flat. On the flat surface,
crystal grew mainly toward c-axis direction, and PD expansion was restricted. However, as

crystal grew larger, growth surface 50000
became convex. In .thls.case, growth 45000 F won
toxyard a-axis direction became 40000 ||— &— middie
rapidly. So, in this region, PD was 35000 |- "hotte
easily expanded laterally. I

At several points, MP annihilation E s0000 1
by PD was observed. There were 5 2°°°° [
three ways of MP annihilation, i.e. the g 20000 ¢
annihilation of MP under PD at the 15000
center region of PD, at the edge 10000 |
region of PD and adsorption of MP 5000 [

out of PD at the edge region of PD.
Characterization of wafers by X-ray

diffraction‘, Raman spectroscopy and Figurel. The distribution of PDS in SiC wafers
KOH etching will be presented.

edge
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The investigations of 4H-SiC/SiO, interfaces by optical and electrical
measurements

Y. ishida’. T. Takohashi'. H. Okumura'. T. hikimoto’, H. Tsuchida”. M. Yoshikawa'. Y.
Tomicka®. M. Mudorikawa®, Y, i‘{ijikﬂtﬂ" and $. Yostuda ™
‘National Insttute of Advanced [ndesmmal Science and Technology, Power Llectromes
Research (enter. Umezonel-i-1 Tsukuba-shi, Ibarakt 305-8568. Japan
‘Central Research Institute of Electric Power Industry. Japan Atomic Enenpy Research
Institute, *Sattama University
Tel : =81-298-61-5001, Fax : ~81-298-61-5402, E-mal : vashidaz st eogp

The channel mobihities of silicon carbide (810} metal-oxide-semiconductor tield effect
transistors { MOSTETs) reported so far are much lower than the value expected from the bulk
mobility.  Many studies have been camied ont to resolve these problems, nevertheless. the
origin which lower device charactensties has not been clarified yet.  in this repor, we have
examined SiCSi0. interfaces by optical and electrical measurzments to make clear the
structures of the interfaces.

Epuaxsal waters of $H-SiC" with 8° off-onented ((001) Si face and n type were used for
the messurements.  Thermal oxides were grown in pure . ambent at 1204 "CC
Simultaneous  capacitance-voltage (-} measuremient,  Founer-transtormed  intrared
reflection absorption spectnascopy (FTIR-RAS} and spectroscopic ellipsometry were camed
out as electrical and optical measurements, respectively.  For the optical measurements, the
samples were etched at an angle by dipping gradually into diluted hydrofluorie acid at a
constant speed.  FTIR-RAS and cllipsometric measurements were performed along the slope
of the oxides films to obtain the data as a function of exide thickness.

From ¢-} measurements, number of interface traps per unit ares (V) were obtained to
be over TX 17 cm” and the shift of flat band voltage (Vqp was +18 V. The apparent
refractive indices derived from the spectroscopic ellipsometric measurements under the

assumption that the oxidk films have uniform

refractive indices, do not constant but decrease with " L

oxide film thickness. especially in the remion below 8 (| __ _ 0 sad quans = - - =

10 nm in thickness.  This change can be explained 2 . a

by the model that there exist interface layers with 5, | «® * s :'

higher refractive indices than those of Si0; and SiIC. 5 .

Figure 1 shows the results obtmned from 3 e _

FTIR-RAS measurement.  The peak position of :ﬁ

$i-0-8i stretch TO modes shifts to lower frequency L3 1 1 1 1 1 1

i the region below 3 nm i thickness of oxide L L A L

layers and the values become away from that of Uicknass o ook {am)

fused quartz.  These results indicate that ransition Fig. | Peak wave number of TO

layers exist at the interface between S1C and Si().. mode as a function of oxide
" thickness.
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Growth and characterization of three-dimensional SiC nanostructures on Si
V. Cimalla. K. Zekentes

FO.R.T.H. - MRG. P.O. Box 1527. Heraklion. Crete. 71110. Greece
Tel. ++30 81 39 4134, Fax: ++ 30 81 39 4106. E-mail: cimalla@physics.uoc.gr

SiC 1s known to be a promising candidate for high power. high temperature and high
frequency devices. SiC based nanostructures could result in new and improved properties.
phenomena. and processes and thus expand the potential to new optical. high-frequency and
photonic applications.

In this work we present a study ot morphological properties of SiC islands on Si and of three-
dimensional SiC-Si nanostructures. SiC was grown on (001)Si by a pure carbonization
process in a molecular beam epitaxial 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.
The need of Si for the SiC formation 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 four fold
symmetry are forming 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
downwards along the four edges. forming facets and maintaining the symmetry of the
pyramids. In contrary. at low temperatures islands are growing faster laterally in a quasi two
dimensional mode resulting in an early coverage of the surface and preventing the formation
of pyramids. The size of Si pyramids can be enhanced by pre-deposition of 1 ML Ge prior to
the carbonization. The saturation nucleation density in dependence on temperature. carbon
flux and Ge pre-deposition was estimated and the activation energies extracted. Possible
applications for the high-temperature-grown three dimensional SiC-Si structures will be
discussed.
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Fig. 1 Evolution of SiC islands on Si at a carbon flux of 10" em™s™'": a) Grain density versus
time at 900°C and b) Grain size versus growth temperature after 180 s growth.
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Characterization of 2 inch as Grown SiC Bulk by SWBXT at 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 .
SiXON Ltd., Saiin-hidericho 27-1, Ukyo, Kyoto 615-0065, Japan
E-mail: sasaki1m@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, we could research SiC bulk crystal using facilities at SPring-8 (BL28B2).
Since the SR beam at SPring-8 has 8GeV electron beam energy, SR beam transmits even
2-inch SiC bulk crystal and we can observe SWBXT (Synchrotron White Beam X-ray
Topography). We prepared 2-inch 6H-SiC bulk, which was made by sublimation method on
(0001) 6H-SiC substrate. The height of sample is about 22mm and the shape is shown in Fig.1.
The distance from sample to the film is about 300mm, the exposure time is a few seconds.
The directions of incident beam were <1-100> and <11-20> and the size of incident beam was
2mm x 2mm. The Laue pattern was 2 fold symmetry and the Laue spots became rectangle.

We can investigate defects easily by the
Laue pattern and spots. If the sample is
perfect 6H-SiC crystal, these Laue spots
have no contrast. But if the defects exist in
the crystal, Laue spots are inhomogeneous.

Fig.2 and 3 show the Laue pattern and
topography. The contrast of Laue spot of
the sample was enlarged as shown Fig.3.
The incident direction and diffracted planes
were <1-100> and (11-20).

Since the shape of bulk crystal is like
Fig.3, the transmission length and the
length of topography image are different by
the measurement points.

From this figure, the contrast decreases as
growing and the image of Fig3 (c¢)
undulates <0001> direction. We can
confirm the defects in the crystal decrease
as growing.

Fig.2 Laue pattern of 6H-SiC bulk crystal
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The neutral silicon vacancy in SiC: Ligand hyperfine interaction

Mt. Wagner”, N.Q. Thinh”, N.T. Son”, P.G. Baranov®, E.N. Mokhov?, C. Hallin®, W.M.
Chen”, and E. Janzén”

1)Dept. of Physics and Measurement Technology, Linkoping University, SE-581 83
Linképing, Sweden
?AF. loffe Physico-Technical Institute, Russian Academy of Sciences
Polytechnicheskaya 26, St. Petersburg, 194021, RUSSIA
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The silicon vacancy Vy; in SiC is of great interest both theoretically as one of the fundamental
intrinsic defects and practically, because it is created in device processing steps like ion
implantation. Vs; can exist in various charge states within the band gap, but a definite
chemical identification has so far only been possible for the negatively charged silicon
vacancy. This was possible by the observation of ligand hyperfine interaction with >C atoms
in the nearest-neighbour (NN) shell and with #’Si atoms in the next-nearest-neighbour (NNN)
shell in electron paramagnetic resonance (EPR) experiments.

The neutral silicon vacancy has been observed in optically detected magnetic resonance
(ODMR) experiments in electron irradiated samples when either one of the
photoluminescence (PL) bands in the near infrared called V1, V2 and V3 in 6H SiC and V1,
V2 in 4H SiC was resonantly excited with a Ti:Sapphire laser [1]. This number of lines arises
from the corresponding number of inequivalent lattice sites on which the defect can reside in
the two polytypes. A spin triplet state with the characteristic hyperfine signature of the NNN

Si atoms was observed by monitoring each PL band. However, due to low signal intensity
the hyperfine interaction with the C atoms (only 1.11% natural abundance) in the NN shell
could not be resolved. Already in the 1980’s triplet EPR signals with a similar crystal field
splitting had been observed after the samples had been illuminated [2]. At that time the
signals were attributed to distant vacancy pairs. More recently such lines were reported even
in EPR experiments in dark, even though there the spectra were dominated by the signal from
the negative charge state of the silicon vacancy [3]. No ligand hyperfine interaction could be
resolved.

New ODMR experiments on a *C isotope enriched sample and on high quality epitaxial
films now revealed these ">C hyperfine lines. The hyperfine parameters of A~ ~ 28 G and
A,© =~ 11 G (with slight variations depending on polytype and lattice site) for interaction with
the NN "*C-atoms and A% =3.0 G (isotropic) for the NNN *’Si-atoms are very similar to the
ones found for the silicon vacancy in its negative charge state. This confirms that the spin
triplet observed in ODMR originates from the “isolated” silicon vacancy.

References:

[1] E. S6rman, N. T. Son, W. M. Chen, O. Kordina, C. Hallin, and E. Janzén, Phys. Rev. B
61, 2613 (2000).

[2] V. S. Vainer and V. A. Il'in, Sov. Phys.-Solid State 23, 2126 (1981).

[3] H. J. von Bardeleben, J. L. Cantin, I. Vickridge, and G. Battistig, Phys. Rev. B 62, 10126
(2000).
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The deep boron level in high voltage pin diodes.
D. Abergh**, A. Hallénl, J. Osterman!, U. Zimmermann! and B. G. Svensson®!
! Roval Institute of Technology, IMIT, P.B. Electrum 229, SE-16440 Stockholm, Sweden
* Milardalens Hogskola, Dept. of Electronics, P.B. 883,SE-T21 23 Viisterds, Sweden
3 Oslo University, Dept. of Physics, P.B. 1048 Blindern, N-0316 Oslo, Norway
* denny@ele.kth.se, phone: 446 8 752 1411, fax: -+46 8 752 1411

Well behaved high-voltage (3.5 kV hlocking voltage) 4H-SiC pin diodes were examined
with respect to implantation induced electrically active defects using deep level tran-
sient spectroscopy (DLTS}), admittance spectroscopy, capacitance-voliage measurements,
atomic force microscopy and the new scanning spreading resistance technique (SSRM).
The material used was 35 jun thick epitaxial n-type 4H-SiC layers grown on commercial
Cree wafers by chemical vapor deposition. The nitrogen doping in the epitaxial lay-
ers were in the low 10" e¢m—® region. The diodes were manufactured with a shallow high
concentration {10°° em™3) aluminum implantation and a
deeper box profile of implantated boron of intermediate
concentration. After the annealing process the metal
lurgical junction seen by secondary ion mass spectrom-
etry SIMS displayed a “soft” junction character with

an in-diffused boron tail of several micrometers. In the  F.o - uousss i
junction region a deep hole trap was found to domi- e

Iodewapd Box

i :
" [EREY
3 7% i wod b devimen

Gosignd (pEy

nate the metallurgical pn junction at room temperature e

fempernure (K}

(RT). High resolution DLTS weighting functions were
used and the trap identified as the boron related D-
level. This trap level effectively removed free carriers
{(holes} causing the in-diffused boron tail of the profile
to become intrinsic. SSRM confirmed the existence of
an intrinsic region where the boron had diffused into
the material. By activating the trap level at temper-
atures gegb00 K the junciion behaved as a low doped
soft junction without an intrinsic region. The electrical
measurements together with the chemical horon profile
gave at hand that less than 10% of the in-diffused horon
resides on substitutional sites forming shallow boron ac-
ceptors. The D-level operates as a hole trap.

The figures show: top) DLTS spectra of a reverse bi-
ased diode showing the D-center, center) Topography of
the are between implanted and unimplanted diode using
atomic force microscopy, bottom) SSRM of same region.
The bright contrast shows the intrinsic region where a
large fraction of the boron has diffused and formed D- : e e
centers that effectively traps the holes in this region.

Contact author: denny@ele.kth.se
phone:+46 8 752 1411 fax:+46 8 752 7782
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Growth of AIN films by Hot-Wall CVD and Sublimation Techniques: effect of
growth cell pressure

A. Kakanakova-Georgieva, U. Forsberg, B. Magnusson, R. Yakimova, E. Janzén

Department of Physics and Measurement Technology, Linkdping University,
S-581 83 Linkdping, Sweden,
tel: +46.13.282649; fax: +46.13.142337; e-mail: anelia@jifm.liu.se

The demand of using AIN in many applications such as short wavelength optical devices and
SiC based FETs is 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 lot of efforts have being
directed towards developing better AIN synthesis methods but still the route to device quality
material is not clear.

In this study hot-wall CVD and sublimation epitaxy were used that can provide high growth
temperatures advantageous for the AIN deposition. The pressure inside the growth cell can
influence the growth of AIN films and their properties such as thickness, morphology, and
luminescence. In the CVD experiments the growth cell pressure was set to 1000, 100 and 50
mbar while the temperature was kept at 1200°C. Sublimation growth process experiments
occurred at temperature of 2100°C at the source under nitrogen pressure of 200, 500 and 900
mbar. Characterization techniques used were SEM, cathodoluminescence (CL) and infrared
reflectance.

At low growth cell pressure in the CVD experiments thick AIN layers with smooth surfaces,
which produce interference fringes in the reflectance spectrum (Fig. 1, 50 mbar) were
obtained. AIN films grown by sublimation consist of grains with height of up to 90 um (Fig.
2). The change of the pressure at this temperature does not influence substantially the
microstructure of the sublimation grown films except for the enlargement of the grains.
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CL panchromatic images with boundaries of dark contrast were taken from the films
produced in either of the two deposition methods. Our results show that under conditions of
moderate growth cell pressure (100 mbar in the CVD and 200 mbar in the sublimation
experiments) both processes give good quality material AIN films in which the near band
edge emission in the CL spectra appears.
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A method of reducing micropipe using metal mask by the
sublimation growth

N. Oyanagi",S. Nishizawa™, and K. Arai”
1 R&D Association for Future Electron Devices, Advanced Power Device laboratory,
Advanced Power Devices Laboratory (FED)
2National Institute of Advanced Industrial Science and Technology,
Power Electronics Research Center (AIST, PERC)
3Ultra-Low-loss Power Device Technology Research Body (UPR)
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305-8568 Japan
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The silicon carbide substrate produced by the modified Lely method generates a lot of
micropipe in the growth process even if lely crystal was used for a seed crystal. And the Lely
method cannot obtain large diameter substrate.

For this reason when we produce the large diameter substrate, the crystal with many defects enlarged
from the Lely crystal needs to be used as a seed.

Since the micropipe propagates to the grown crystal, it is difficult to reduce the micropipe.

In this study, we tried to use metal mask to cover the micropipe. This way seems to be similar to the
epitaxial lateral over growth method that can reduce the spiral dislocation, by forming and carrying
out lateral over growth on the mask.

The modified Lely crystal was used for seed crystal with a thickness of 0.8mm.

After the seed crystal was performed organic washing and acid washing, the metal mask was formed

by the electron beam deposition method.

The metal used for deposition is W and Pt and the
thickness of mask is 0-100 A

Then, the modified seed crystal was fixed to the
graphite lid.

The graphite crucible was filled up with SiC powder,
and was overheated to 2200 degrees C with the
graphite lid.

The growth pressure was 100Torr.

The grown crystal was evaluated by the polarizing
optical microscope.

Figure 1 shows the cross-sectional

transmission microscope photograph near the
interface of a seed crystal and a growth crystal with

the thickness of the metal mask about 100 A

It was clearly shown that micropipe stops at the W
interface between seed crystal and grown crystal, on

both W and Pt cases. i

The micropipe density was measured with a  Fig:l Cross-sectional photograph

polarizing optical microscope. of the crystal using platinum
We confirm that the micropipe density in grown
crystal decreases 50% than the micropipe density in seed crystal..
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Atomic steps observation on 6H and 15R-SiC polished surface.
P. Vicente'?, E. Pernot’, D. Chaussende'?, J. Camassel’.

1 : (corresponding author) NOVASIC, Savoie Technolac, BP267, 73375 Le Bourget du Lac
Cédex (France), Fax : 33 4 79 24 45 17 Email : pvicente@novasic.com

2 : Groupe d'Etude des Semiconducteurs, Université Montpellier 2, cc074, 34095 Montpellier
Cedex 5 (France).

3: Laboratoire des Matériaux et du Génie Physique, UMR n° 5628, INPG, BP 46, 38402 St
Martin d'Héres Cedex (France).

6H-SiC bulk is widely used as a substrate for growth of III-Nitride epitaxial layers The smaller
lattice mismatch between GaN and SiC compared to GaN and sapphire, and the high thermal
conductivity makes 6H-SiC a promising substrate for nitride growth. Surface preparation
before the epitaxial growth 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 similar way, the surface
roughness can be a limiting factor for the roughness of the epitaxial layer surface. The most
recent SiC polishing process, produces atomically flat surface, free of scratch and damaged
layer [1].

Figure a) shows with Atomic Force Microscopy the presence of atomic steps on a 0° 8’ off
axis 6H-SiC surface (with 1.5 A RMS roughness). Figure b) shows the corresponding profile
through the steps (with step of about 2.5 A in hight and 110nm in length).

a) b)

g 5.00

2,50

Goii e 0
0 2,50 5.00 pm i

Due to an advanced polishing surface preparation, bi-layer atomic steps has been revealed
both on 6H and 15R-SiC. By synchrotron X-ray topography, Raman spectroscopy and atomic
force microscopy we have established the strong correlation between the polished surface and
the bulk crystalline quality. For instance, grain tilt and twist can be evidenced by step length
and direction.

[1]J. Camassel, P. Vicente and L. Falkovski, Optical Characterization of SiC Materials: Bulk
and Implanted Layers, Materials Science Forum Vols 353-356, 335 (2000).
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CVD SiC powder for high purity SiC Source material
S.Ezaki'!, M.Saito”?, K.Ishino™

"Mitsui Engineering &Shipbuilding Co.,Ltd
Tsukiji 5-6-4 Chuoku, Tokyo 104-8439 Japan, Tel: +81-3-3544-3640, Fax:+81-3-3544-3064, E-mail:

sezaki@mes.cojp, ““Admap Inc., 3-16-2, Tamahara, tamano, Okayama 706-0014 Japan
Tel:+81-863-31-9633, Fax:+81 863-32-2078 E-mail: msaito@mes.co jp. ~Pacific Rundum Co., Ltd
1-Iwase Akadamachi Toyama 931-8555 Japan Tel:+81-76-438-1217, Fax:+81-76-437-7099,

2- E-mail: k-ishino@rundum co jp

Recently, the need to the high purity SiC source material has been increasing in order to grow
high quality SiC single crystal.

SiC powder which made by Acheson method has been used basically as this kind of raw
materials and has been applied for abrasives and refractory. However the current powder has no
cleaning way other than acid dipping or some similar treatment. Lots of reseachers studying
single crystal SiC have been noticing the limitation of purity in the current raw material.
Thereupon we developed high purity CVD-SiC powder for single crystal SiC. This powder is
made from CVD-SiC polycrystal plate by crushing it directly. The result of the purity of the
powder (A) is quite good rather than current powder(B) especially in Fe, Ni,ALTi as shown in
Table 1.

As shown in Fig.1, the powder diameter distribution ranges from 1000 micron to 200
micron in powder(A) and 200 micron to 50 micron in powder(B). This powder source(A) will be a
good precursor for getting sinlge crystal SiC by sublimation method.

Table 1: Impurity of SiC powder (by ICP-AES)

Elements(ppm)

Powder type
Fe Ni Ca Al P B Na K Ti \'% Zr

A) CVD-SiC powder
( after crushing

High Purity SiC

(B) powder by 5 [08)] 05| 14 | <0.1] <0.3| 0.4 | <0.1]| 3.5| 0.7 | 0.4
Current .
Acheson method

"3C-SiC beta type 6H-SiC alpha type

01§ 01)] 01} 01 | <0.1] <0.1] <0.1] <0.1| <0.1} 0.1 | <0.1

100 -

Resid oedYe]

0 200 400 600 800 1000 1200 1400
Diameter(micronmeter)

Fig.1 : Powder diameter distribution
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PLD BN as an Annealing Cap for Ion Implanted SiC
S. Stafford, L.B. Ruppalt, D. Yuan, R.D. Vispute, T. Venkatesan, and R.P. Sharma
University of Maryland, Physics Dept., College Park, MD 20742
KA. Jones, M.H. Ervin, K.W. Kirchner, T.S. Zheleva, M.C. Wood, B.R. Geil, and
E. Forsythe
Army Research Lab, 2800 Powder Mill Road, Adelphi, MD 20783
P: (301) 394-2005, F: (301) 394-4562, kajones@arl.army.mil

Planar SiC devices are fabricated using ion implantation because the rates of
diffusion of dopants into SiC are too low even at temperatures as high as 1800°C to be
technologically useful. The implanted dopants have to be activated by a high temperature
anneal, and at the temperatures at which the dopants are activated, silicon evaporates
preferentially from the SiC lattice. We have shown that the activation of the n-type
dopant, nitrogen, is essentially complete at 1600°C with no surface degradation due to
silicon evaporation when we used an AIN cap'. However, at temperatures > 1600°C the
AIN evaporates creating hexagonal holes through which the silicon can now
preferentially evaporate2 . Unfortunately, the p-type dopants, Al and B, require
temperatures at least as high as 1700°C for their complete activation®. Thus, a cap must
be found to withstand temperatures this high and still retain the necessary qualities of the
AIN 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 removed selectively without
harming the SiC surface after annealing.

We show that such a BN/AIN cap can withstand these temperatures and retain the
properties of the AIN cap. This cap is created by depositing a ~200 nm AIN film by
pulsed laser deposition (PLD) followed by the PLD deposition of ~300 nm BN film. The
cap is removed after the anneal by ion milling the BN off, and then selectively etching
away the AIN film in warm KOH. The structure of the SiC surface is then examined with
a SEM and AFM, and the surface chemistry is studied by AES.

To better understand the cap properties, we recorded the surface structure of the
BN with a SEM and AFM; checked for chemical intermixing at the interfaces and surface
contamination of the SiC surface using AES, and examined the cap structure using FTIR
spectroscopy and XRD. We are currently looking at the structure with TEM and will
report the results at the meeting. Briefly, the results show that the BN film remains intact
during the anneal and no intermixing of the BN and AIN films or AN film and SiC
substrate occur. We do not yet know to. what extent the BN film has crystallized, but we
expect the TEM results will tell us that.

1. KA. Jones, P.B. Shah, K.W. Kirchner, R.T. Lareau, M.C. Wood, M.H. Ervin, R.D.
Vispute, R.P. Sharma, T. Venkatesan, and O.W. Holland, Mater. Sci. and Eng. B61-62,
281, (1999). .

2. K.A. Jones, M.A. Derenge, K.W. Kirchner, M.H. Ervin, M.C. Wood, T.S. 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, and M.
Maier, Phys. Stat. Sol. A162, 277 (1997).
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Growth characteristics of SiC in a hot-wall CVD reactor with rotation
J. Zhang, U. Forsberg, M. Isacson, A. Ellison, A. Henry, O. Kordina and E. Janzén

Department of Physics and Measurement Technology, Linképing University,
581 83 Linkoping, Sweden
Corresponding author:
J. Zhang Tel: +46 13 28 57 16; Fax: +46 13 14 23 37, E-mail: jizha@ifm liu.se

Rotation has been implemented in a horizontal hot-wall reactor for SiC CVD by means of gas
foil levitation [1]. 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 medium and the rotation rate is maintained fast enough for
growing thin MESFET structures. The CVD process is similar with the one previously
described in [2].

Smooth surface 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. The best thickness uniformity has been obtained without lifting up the
substrate, with 0.36% and 0.92% for 35 mm and 2" wafers, respectively. N-type doping
uniformity as good as 1.35% on a 35 mm wafer has been achieved with un-lifted disk rotation
as well. The good morphology in the lifted-disk rotation has been compromised by the
slightly worse uniformity. However, thickness and doping uniformity values can still be as
good as 6% and 7.7%, respectively for a 2" wafer. Both the intra-wafer and the run to run
doping uniformities are less than [110%. Both n- and p-type doping is readily achieved. The
n-type doping ranges from 5 - 10" cm™ to 2 10" - ¢cm™, and p-type doping between 5 - 10"
cm™ and 5 10" - cm™ has been obtained. MESFET structures have been grown on semi-

insulating substrates with excellent doping control.
[1]. P.M. Frijlink, US Patent, No. 4 860 687, August 29 (1989)

[2]. O. Kordina, A. Henry, E. Janzén, S. Savage, J. Andre, L.P. Ramberg, U. Lindefelt, W.
Hermansson and K. Bergman, Appl. Phys. Lett. 67 (1995), p. 1561
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On shallow interface states in n type 4H-SiC
metal-oxide-semiconductor structures

H.O, Olafsson! , F. Allerstam, and E.0. Sveinbjornsson
Solid State Electronics Laboratory and the Microtechnology Centre at Chalmers,
Department of Microelectronics, Chalmers University of Technology,
SE-412 96 Gotebory, Sweden

The unacceptably low electron channel mobility currently observed in 4H-SiC metal-
oxide-semiconductor field-effect transistors is of major concern. A possible reason for
this mobility reduction is considered to be the high density of interface states near the
conduction band edge of 4H-8iC. Using capacitance-voltage (CV) analysis the interface
state density as a function of energy has been estimated and is found to increase rapidly
towards the conduction band edge [1].
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Fig. 1: A quasi-static CV measurement at  Fig. 2: DLTS spectra for an n type 4H-8iC
300 K for an n type 4H-SiC MOS. Arrows MOS, messured for several charging levels.
show the charging levels used in Fig. 2. The discharging voltage is -5 V at 300 K.

In this work we examine shallow interface states by using constant capacitance deep
level transient spectroscopy (DLTS) on n type 4H-SiC metal-oxide-semiconductor (MOS)
capacitors. Fig. 1 shows a quasi-static 'V measurement at 300 K. Fig. 2 shows that the
DLTS spectrum measured at 1 Hz reveals an interface state peak at 170 K which grows
as the charging level increases. This peak has an activation energy ol approximately
0.12 eV and a number density that exceeds 10'2 em™2. Capture rate data reveals that
these interface states are slow, exhibiting a very small electron capture cross section in
the range of 10-22 — 10~ cm?® at 170 K. Furthermore, we find similar traps in differently
prepared oxides. In summary, slow interface oxide traps are observed whose distribution
as a function of energy is a peak near the conduction band edge of 4H-SiC. These traps
are possibly a signature of the native oxide defect deseribed by Afanas'ev ef al. [2]

[1] N. Saks, 8. S. Mani, and A. K. Agarwal, Appl. Phys. Lett. 76, 2250 (2000).

(2] V. V. Afanas’ev, A. Stesmans, M. Bassler, G. Pensl, and M. J. Schulz, Appl. Phys. Lett. 76,
336 (2000},

I Electronic mail: halldor@ic.chalmers. se, Telephone: +46 31 772 18 65
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The Effect of epitaxial growth on warp of SiC wafers

K Nakayama', Y.Miyanagi', K Maruyama', Y.Okamoto', H.Shiomi', S Nishino?
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27-1, Saiin-Hidericho, Ukyo, Kyoto 615-0065, Japan

Tel : +81-75-323-6631

Fax : +81-75-323-6632

E-mail: nakayama@sixon.com

’Kyoto Institute of Technology

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

1.Introduction
Before the routine development of SiC devices can be claimed, many technological
problems remain to solve. One of them is the warp of wafers. Especially, when the diameter of
wafers is enlarged, it is necessary to pay attention. Tuchida et al.""’ reported that the epitaxial
growth process improved the crystal bending. We investigate the effect of epitaxial growth
process on the warp of SiC wafers. In this report, we performed the hydrogen etching and the
epitaxial growth process on the wafers with the large warp and proposed the origin of the warp.

2.Experimental
We carried out hydrogen etchings and 4H-SiC epitaxial growth under 700Torr at 1500°C in
our Hot-Wall CVD reactor. In the hydrogen etching, the wafers were exposed to SSLM hydrogen
gas for Smin. The epitaxial growth occurred using 2.5sccm silane and 1.2sccm propane in SSLM
hydrogen carrier gas for 1h. We measured the warp of the wafer after the processes. In each
process, we used one-side (Si face or C face) polished wafers. We also measured the warp of the
wafers before and after polishing.

3.Result and Discussion Table 1 The curvature radius after each step
Table 1 shows the curvature radius of before  after after
wafers after each s;ep. B?th Si-face and C-face polishing polising process
became concave after polishing. This indicated Epitaxial S face — 69m _ 80m

that the polishing process induced the internal
stress. r;Xfter ths hydrogen etching, an Growth C_ face 63m llm__ -6.5m
improvement in the warp of wafers was 1dorgen Siface 87m  81m  -3lm
confirmed, because the hydrogen etching Etching Cface 57m  66m -2Im
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
improvement of the warp was confirmed on the Si-face after epitaxial growth (the typical carrier
concentration is 7X 10"°cm™ and the typical thickness is 4.5 u m). On the other hand, C-face
became convex after epitaxial growth. Because the growth condition was optimized only for Si-
face, not for C-face, the internal stress was supposed to be introduced in the C-face epitaxial
layer

4.Summary
We performed the hydrogen etching and epitaxial growth on Si face and C face of the 2inch
SiC wafer and measured the warp of them. We confirmed the improvement of the warp after
hydrogen etching and the further improvement on Si-face after epitaxial growth.

References
[1]H.Tsuchida,I. Kamata, T Jikimoto and K.Izumi Materials Science Forum Vols 338-342

(2000) pp.145
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Infrared investigation of implantation damage in 6H-SiC

J. Camassel' , H.Y. Wangl, J. Pernot’, P.Godignonz* and N. Mestres®

!GES, UM?2 ”Sciences et Techniques” and-CNRS, cc074, 34095- Montpellier cedex 05, France.
?CNM-Barcelona, Campus UAB, 08 Bellaterra, Spain.
*ICMa-Barcelona, Campus UAB, 08 Bellaterra, Spain.
Tel: +33467 14 39 73, fax : + 33 467 14 37 60, e-mail: camas(@ges.univ-montp2.fr

We present the results of an infrared (IR) investigations of the effect of implantation
damage on the reststrahlen band of 6H-SiC implanted with N'-ions. The implantation energy
was 160 keV and the implantation temperature 300K. The dose ranged from 5 10® to 5 107
cm. After implantation IR reflectivity spectra were collected at room temperature in the
middle infrared range, from 500 to 7500 cm”. We used a Brucker IRTF spectrophotometer
fitted with a microscope and a MCT detector. Results are shown in Fig.1.

They demonstrate the following :

- i°) a decrease and broadening of the
topmost reflectivity structure versus
implantation dose. This comes from P
implantation damage and shows that, i
even if one focus only on the reststrahlen PV‘”"“ 3 10%ni2
band, IR reflectivity constitutes a most / 5.10%m?

sensitive tool to probe, on-line, the ] )\W‘“ ~ | 10"%cm?

Virgin
5.10%m?
10"em?
2.10%m?

implantation damage ; 2.10%m?
.o . B . ~ 5 s
- 1ii°) a change in refractive index of the L 5.10%m*
topmost (implanted) layer with respect to

Reflectivity
/

the host material. This change is dose- /

dependent and, at high dose, results in 1 ]/”\_\
the appearance of a new (large) set of

interference. This is again an useful tool ] / l//__\___\

to probe the in-depth extension of N

damage ; ] /V————\_,f\
- iii°) finally at very high dose (~5 10" A

cm™) a new (sharp) extra feature reveals, b T

close to the LO frequency of bulk SiC [1]. 1 /\/\ .,

It comes because of a strong change in : : : : : :
the optical properties of the implanted 0 3000 6000 9000
material with appearance of a new (no Wavenumber (cify

longer pure SiC-like) effective medium.

We have 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

[1] S. Nakashima and H. Harima, Phys. Stat. Sol (a) 162, 39 (1997)
[2] O.S. Heavens, Optical Properties of Thin Solid Films, Dover, N.Y. (1965)
[3] F. Gervais and B. Piriou, Phys. Rev. B 10, 1642 (1974)
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TCAD optimisation of 4H-SiC channel doped MOSFET with p-polysilicon gate
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Abstract

In this paper the optimisation of structure of the channel doped MOSFET, with p-polysilicon gate
based on 4H-SiC is studied using TCAD simulation. It is known that the channel mobility of the depletion mode
of Al-gated C-MOSFET is improved by increasing the channel doping level but that this leads to a decrease in
threshold voltage, Vth [1,2]. 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.

The device structure used is based on a 5x10'°cm™ Al doped p-type substrate, gate width of Sum, tox of
50nm, source and drain doped with Phosphorus with depth of 0.5um, channel doping with Nitrogen, a surface
trapped charge density of 1x10"'cm™ and a fixed charge density in gate oxide of 1x10'’cm™. The p-type and n-
type Polysilicon gate material is doped with Boron and Phosphorus of 1x10'’cm™ respectively, and their
workfunctions calculated from the doping level. The channel doping concentration and depth are optimised to
achieve maximum mobility in the enhancement mode MOSFET.

Fig.1 shows that Vth decreases with increasing channel doping concentration, Nc, and depth of
channel. When the product of Nc and depth exceeds 7.5x10''em™ Vth becomes negative, i.e. depletion mode. In
the case of enhancement mode, the best mobility is gained at Nc of 2x10'%cm™ and 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 shows a comparison of mobility between gate materials with
different workfunction. At the same Vth, n-polysilicon and AL gate show almost the same mobility (due to
similar workfunction), while the p-polysilicon gate has about 50cm®V's” higher mobility. At a threshold
voltage of 1V 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 new type of channel mobility model, which is based on the density of
interface states, Dy, and the modeling of surface deep levels. This model seems to have good agreement with
experimental data. It is believed that the model is the best way to describe the SiC chennel mobility because the
main cause of low mobility is high Dyy.

Wth vs. Noc varying depth &t 30K Channel mobi lity vs. Nbc varying depth at 300K
. .
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Fig.1 Vth vs. Nc with depth Fig.2 Mobility vs. Nc with depth ~ Fig.3 Electron concentration
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Theory of Super-Junction Structure Forward Characteristics and Comparison of 4H-
SiC and Si
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Abstract

Super-junction 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
breakdown voltage Vbr are studied and comparisons made between 4H-SiC and 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 JFET gate. The resulting relationship gives
good agreement with TCAD at low voltage in the area of on-state (Fig.1).

The maximum package power dissipation is assumed to be S00W/cm? for Si and
1000W/cm? for 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 1um for realistic condition, we have found that Von remains same at low voltage
and low imbalance error (Fig.2). With err=0.1 SiC 720V and Si 72V devices have about 0.2V
and 0.3V Von respectively, and are both about half values of conventional FET devices at the
same power dissipation. SiC 7200V and Si 720V devices display Von values of about 2V and 4V
respectively (one third of conventional devices).

Jon*Vbr (switched VA product) versus Vbr (Fig.3) is one good way of measuring device
performance. Fig.3 shows that for SJS the VA product increases in proportion to the square
root of Vbr, while for conventional FET devices it decreases. This demonstrates the excellent
performance potential of SiC SJS.
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