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Breakthroughs in

crystal growth of

semiconducting SiC which have

triggered recent attention to this material are introduced. Growth of cubic

SiC on Si,

mismatch, is

typical success in heteroepitaxial growth with a large
reviewed. Step-controlled epitaxy, which the author's

lattice
group

named and will be a key technology for future development of SiC solid state

devices,
devices are presented.

1. INTRODUCTION

Silicon carbide(SiC) has refractory,
radiation-resistant, mechanically hard and
chemically inactive properties together with
wide bandgap. Strong desire has been given
for developing solid state devices, e.g. blue
light-emitting diodes(LEDs) and transistors/
ICs for high-temperature/harsh environments.
The material is ordinarily produced by the
Acheson method above 2500°C using silica and
coke, which inevitably brings about the prob-
lem of purity for semiconductor use. Through
many efforts, high-purity single crystals are
grown using sublimation(Lely method). Recti-

fiers, particle detectors, tunnel diodes and
LEDs have been fabricated to demonstrate the
superiority of this material [1,2]. However,

difficulties in processing technology have
prevented the development of SiC solid state
devices.

Recent progress in epitaxial growth of
SiC at lower temperatures has given superior
single crystalline layers and easy control of
in-situ impurity doping[3,4]. Breakthrough is
now appearing in SiC processing technology.
In this report, brief summary of attractive
properties of SiC and recent progress in
epitaxial growth of SiC single crystals,
mainly heteroepitaxy and homoepitaxy(step-
controlled epitaxy), are presented. Current
status of solid state devices and future
expectation for SiC are discussed.

2. ATTRACTIVE PROPERTIES OF SiC
Among a number of polytypes (different

crystal structures), 3C-SiC and 6H-SiC are
practically interesting. The first number in
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is described in detail. Current status and future directions of SiC

the expression
stacking

shows the periodicity of
sequence, and the second character
indicates crystal symmetry, such as cubic(C)
or hexagonal (H). The energy gap of 3C-SiC and
611-SiC is 2.20 and 2.86e¥ respectively. The
most noticeable is 2x10'cm/s for saturgtion
drift velocity of electrons above 2x10°V/cm
in 6H-SiC[5], together with h&gh breakdown
electric field of (2-3.7)x10°V/cm[6]. The
saturation electron drift velocity in 3C-SiC
is estimated to be 2. 7x%0 cm/s[?] The elect-
ron mobility of 1000cm“/Vs[8] in 3C-SiC at
low electric field is remarkably large for a
wide gap semiconductor of 2.20eV.

3. PROGRESS IN EPITAXTAL GROWTH

3.1 Heteroepitaxial growth of 3C-SiC on Si
Since single crystals of 3C-SiC produced
by sublimation methods are small, hetero-
epitaxial growth on Si has been studied ex-
tensively using vapor phase epitaxy(VPE).
However, reproducible growth has been diffi-
cult, which is caused by the growth at high
temperatures and large lattice mismatch of
20% between 3C-SiC and Si (asic=0.4358nm,
ag;=0.5430nm). One of the approaches to over-
coming this difficulty is to put a very thin
layer of 3C-SiC prepared by carbonization
(flowing hydrocarbon over Si substrates at
around 1360°C) before CVD[3,4], which was
proposed by the author's group.
Heteroepitaxial growth of 3C-SiC con-
sists of etching, carbonization and CVD. A Si
substrate 1is etched at 1180°C using a HCl1
flow with H, carrier gas. Then, in a flow of
Cqllg the sugstrate is heated up to 1360°C in
S ort time for carbonization. Immediately
after, CVD growth of 3C-SiC is carried out



with SiHy and Cglig at around 1300°C. The
growth rate of 3C-SiC at 1300°C is about
1.8um/h[9]. At present, the diameter of

single crystalline 3C-SiC is about 50-75mm.

Control of conduction type(n- or p-type)
and carrier concentration is possible by 1in-
situ doping. Electron mobilities of the grown
layers are shown in Fig.1[10]. Single crys-
tals on Si(100) can be used for device appli-
cation. However, antiphase domain(APDs) exist
owing to the growth of polar crystals on
nonpolar substrates[11]. APD-free growth was
proposed and realized by using a Si(100)
wafer tilted towards [011][12].

3.2 Homoepitaxial growth of 6H-SiC (Step-
controlled epitaxy)
The wmost remarkable progress in homo-

epitaxial growth is step-controlled epitaxy
proposed by us[13,14]. Single crystals of 6H-
SiC can be grown on angle-lapped 6H-SiC
{0001} at 1300-1500°C, which is more than
300°C lower compared to ordinary growth tem-
peratures. The density of surface steps 1is
increased by angle lapping. Utilizing step-
flow growth(lateral growth from the steps),
single crystalline 6H-SiC with a very smooth
surface is grown at lower temperatures. On a
well-oriented (or natural) {0001} faces, twin
crystalline 3C-SiC with double positioning
boundaries is grown. Hereby, we named "step-
controlled epitaxy", in which the polytype-
controlled epitaxial growth at low tempera-
tures can be realized by the aid of a number
of steps[14,15].

Schottky barrier and pn junction diodes

prepared by step-controlled epitaxy show
excellent current-voltage characteristics
owing to the smooth surface of the grown
layer[16]. The breakdown voltage exceeds

100V, and it is increased to more than sever-
al hundred volts by optimizing junction pro-

file. The breakdownselectric field was cal-
culated to be 2.4x10°V/cm.
4. CURRENT STATUS OF SiC DEVICES
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Fig.1l Electron mobilities of 3C-SiC on Si.
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4.1 Blue light-emitting diodes
Blue LEDs of 6H-SiC pn junction are
prepared using liquid phase epitaxy(LPE) with

a Si melt in a graphite crucible. Since SiC
has indirect band structure, effective cen-
ters such as donor-acceptor pairs should be

utilized. The author's group proposed a dipp-
ing method to develop a convenient fabrica-

tion technique for blue LEDs[17,18]. Abrupt
pn Jjunctions were prepared using a rotation
dipping technique[19].

The light-emission mechanism was inves-

tigated through the detailed analysis of
temperature and excitation dependence of the
spectra and time-resolved spectral change.
The main mechanism is attributed to recom-
binations of (i)donor-acceptor (D-A) pairs
(~480nm), (ii) excitons bound at localized
centers related to Al impurities (~455nm),
and (iii)free excitons (~425nm) [19].

The external quantum efficiency of SiC
blue _LEDs prepared by LPE is approach%ng to
2x1072% (7med for 20mA in 250x250 zm“)[20].
The brightness exceeds over 20mcd for 20mA at
present time. After the success in step-con-
trolled epitaxy in VPE, pn junctions showing
blue light emission can be prepared[16].

4.2 Transistors

Inversion-mode  MOSFETs (metal-oxide-
semiconductor field effect transistors) using
APD-free 3C-SiC on Si(100) 2°-off towards
[011] was fabricated by the author's group
for the first time[21]. Source and drain
regions were prepared by ion implantation of
p*-ion, and a gate insulator by thermal oxi-
dation. The structure of the MOSFET and cur-
rent-voltage characteristics at room temper-

ature are shown in Fig 2 for a channel of
20xm in 1length and 500xm in width. The
threshold voltage was 2.80V, and the effec-

tive mobility of electrons in the channel was
estimated to be about 100cm“/Vs. Similar
characteristics at room temperature and oper-
ation at 573K were reported with a gate
length of 5xm[22]. The maximum transconduc-
tance was 0.46mS/mm at room temperature.
Higher transconductance was obtained for a
3.5um-gate device, which operated even at
673K. Some of the devices operated at 823K.
Depletion-mode MOSFETs were fabricated
using 3C-SiC grown on well-oriented 6H-
SiC[22].The structure and current-voltage
characteristics are shown in Fig.3. The
maximum transconductance at room temperature

was 5.32mS/mm for a gate length of 7.2pum.
This device operated even at 923K. When the
gate length was reduced to 2.4um, the

maximum transconductance was
9.79mS/mm at room temperature.

increased to

5. FUTURE OF SiC

For realizing SiC devices,
SiC with 1large diameter is

ingots of
produced by a
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Fig.2 Inversion-mode MOSFET of 3C-SiC on Si.

modified Lely method (sublimation onto a SiC
seed), using a concentric dual-cylinder fur-
nace of graphite[20]. The maximum diameter of
ingots nowadays is around 30mm. Sublimation
growth onto a 3C-SiC seed prepared on Si is
hopeful. When the furnace temperature was
kept higher than 2200°C, 6H-SiC(0114) single
crystals can be grown on 3C-SiC(100)[23].

Silicon carbide has been examined from
the perspective of physical limits on semi-
conductor devices by introducing figures of
merit[24]. The principal advantage of SiC
for solid state devices is its high breakdown
voltage and high thermal conductivity. Very
recently, some materials were examined by
using new figures of merit for the use of
power devices[25]. Here again, SiC is chosen
as a good candidate.
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