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The growth mechanism in chemical vapor deposition (CVD) of silicon carbide (SiC) on off-or-
iented SiCf0001g substrates (step-controlled epitaxy) is reviewed. In step-controlled epitaxy, SiC
growth is controlled by the diffusion of reactants in a stagnant layer. Critical growth conditions
where the growth mode changes from step-flow to two-dimensional nucleation are predicted as a
function of growth conditions using a model describing SiC growth on vicinal f0001g substrates.
Step bunching on the surfaces of SiC epilayers is also investigated. Dominant step heights corre-
spond to the half or full unit cell of SiC polytypes. The high quality of the SiC epilayers has
been elucidated through Hall effect and deep level measurements. Excellent doping controllability
in a wide range has been obtained by in-situ doping of a nitrogen donor and an aluminum accep-
tor.

1. Introduction

Silicon carbide (SiC) has received increasing attention as a wide bandgap semiconductor
material for high-power, high-frequency, high-temperature and radiation-resistant de-
vices. In particular, theoretical simulation has predicted that SiC power switching de-
vices can replace the present-day Si power devices on account of much lower dissipation
and reduced chip sizes [1].

Although chemical vapor deposition (CVD) has advantages in the precise control
and uniformity of epilayer thickness and impurity doping, there had been a serious
problem of polytype mixing in CVD growth of a-SiC [2 to 4]. In 1986 to 1987, the
authors' group found that single crystalline 6H-SiC can be homoepitaxially grown on
off-oriented 6H-SiCf0001g at low temperatures of 1400 to 1500 �C [5, 6]. Indepen-
dently, Kong et al. [7] also succeeded in homoepitaxial growth of 6H-SiC using off-
oriented substrates. This technique was named `̀ step-controlled epitaxy'', since the
polytype of epilayers can be controlled by surface steps existing on the off-oriented
substrates. This technique was an epoch-making breakthrough in two senses that (i)
growth temperature can be reduced more than 300 �C and (ii) epilayers have very
high quality enough for device applications. Today, device-quality a-SiC epilayers have
been produced by this technique through the world [8 to 13], supporting recent pro-
gress of SiC device fabrication [14].

In this paper, the mechanism of step-controlled epitaxial growth of SiC is reviewed.
High-quality of SiC epilayers is presented through optical and electrical characteriza-
tion.
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2. Experiments

Fig. 1 shows a schematic diagram of the CVD growth system used at the authors'
group. Crystal growth was carried out by atmospheric pressure CVD in a horizontal
reaction tube. SiH4 (1% in H2) and C3H8 (1% in H2) were used as source gases. The
carrier gas was H2 purified with an Ag±Pd purifier. The flow rates of SiH4 and C3H8

were 0.10 to 0.60 sccm (typically 0.30 sccm) and 0.10 to 0.80 sccm (typically 0.20 sccm),
respectively. The H2 flow rate was fixed at 3.0 slm, which provides a linear gas velocity
of 6 to 10 cm/s above the substrates. N2 was used for n-type doping, and trimethylalu-
minum (TMA:Al(CH3)3) and B2H6 for p-type doping. Hydrogen chloride (HCl) gas was
used for etching of a substrate surface before CVD growth.

Two kinds of a-SiC crystals were used as substrates, crystals grown by the Acheson meth-
od or a modified Lely (sublimation) method. Since the basal plane of the Acheson crystals is
f0001g face, the off-oriented substrates were prepared by angle-lapping of the basal plane.
As for crystals grown by a modified Lely method, both commercially available and home-
made wafers were used. The substrate off-angle was 0 to 10� (typically 5 to 6�) toward
h11�20i. SiCf0001g is a polar face, being either (0001) Si or (0001) C. Both Si and C faces
were used to investigate the substrate polarity effects. The polarity was identified by ther-
mal oxidation at 1000 �C for 5 h utilizing the difference in oxidation rates between both
faces (oxidation is faster on (000�1) C faces) [15, 16]. The polytypes of substrates were identi-
fied by the absorption edges in ultraviolet-visible light transmission spectra and photolumi-
nescence, and were confirmed by X-ray diffraction and Raman scattering.

Substrates were set on a SiC-coated graphite susceptor, and heated by radio fre-
quency (rf) induction. Before the CVD growth, in-situ HCl etching was performed to
remove surface damage introduced by the polishing process. The growth temperature
was varied in the range of 1100 to 1600 �C (typically 1500 �C).
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Fig. 1. Schematic diagram of the CVD system used in the authors' group
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3. Epitaxial Growth

3.1 Growth mode

Fig. 2 shows Nomarski microphotographs of 5 mm thick SiC layers grown on a) well-
oriented and b) 6� off-oriented 6H-SiC(0001) substrates at 1500 �C under a typical gas
flow condition (SiH4 : 0.30 sccm, C3H8 : 0.20 sccm). On a well-oriented (0001) face, the
epilayer shows a mosaic pattern, and smooth domains are separated by step- or groove-
like boundaries. From the reflection high-energy electron diffraction (RHEED) analysis,
the grown layer was identified as 3C-SiC(111) with double positioning twinning [17]. On
a well-oriented (000�1) C face, the grown surface is rough, and island-like growth is ob-
served (not shown). The RHEED analysis revealed that the grown layer is also twinned
crystalline 3C-SiC.

In contrast, epilayers on off-oriented substrates exhibit specular, smooth surfaces. The
grown layer was identified as 6H-SiC(0001) by RHEED and transmission electron micro-
scope (TEM) observation. Homoepitaxial growth with excellent surface morphology can
also be achieved on an off-oriented (000�1) C face. Surface morphology depends on
growth rate and especially temperature, of which details are discussed later.

On well-oriented f0001g faces, the step density is very low and vast terraces exist.
Then, crystal growth may initially occur on terraces through two-dimensional nucleation
due to the high supersaturation on the surface. The polytype of grown layers is deter-
mined by growth conditions, mainly growth temperature. This leads to the growth of
3C-SiC, which is stable at low temperatures. This phenomenon has been predicted by
theoretical studies using a quantum-mechanical energy calculation [18] and an electro-
static model [19]. As the stacking order of 6H-SiC is ABCACB . . . in the ABC notation
[20], the growing 3C-SiC can take two possible stacking orders of ABCABC . . . and

ACBACB . . ., as shown in Fig. 3a,
leading to double positioning twins.
On off-oriented substrates, the step
density is high, and the terrace
width is narrow enough for ad-
sorbed species to reach steps. At a
step, the incorporation site is uni-
quely determined by bonds from the
step, as shown in Fig. 3b. Hence,
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Fig. 2. Surface morphology of SiC
layers grown on a) well-oriented and
b) 6� off-oriented 6H-SiC(0001) Si sub-
strates. Growth temperature and growth
rate are 1500 �C and about 2 mm/h, re-
spectively
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homoepitaxy can be achieved through the lateral growth from steps (step-flow growth),
inheriting the stacking order of substrates, i.e. surface steps serve as a template which
forces the replication of the substrate polytype in the epilayer. This growth technique is
applicable to homoepitaxy of any other polytypes such as 4H-SiC [21], 15R-SiC, and
21R-SiC [22]. Tairov et al. [23] investigated the effects of substrate off-angle in epitaxial
growth of SiC at 1600 to 2200 �C by a sandwich growth method. They observed the
stable homoepitaxy without 3C-SiC inclusions on off-oriented substrates.

The cause of 3C-SiC nucleation on off-oriented substrates has been investigated by
Powell et al. [24]. They have investigated the effcts of off-angle and surface treatment
on the polytypes of grown layers, and found that homoepitaxy of 6H-SiC is possible
even on substrates with a low-tilt angle of 0.2� and 3C-SiC nucleation takes place at
defect sites on the surface. The defects can be screw dislocations or surface damages
introduced by polishing. More recently, Hallin et al. [25] reported that substrate imper-
fection and surface defects induce the development of large (0001) facets on which
3C-SiC inclusions are created via spontaneous nucleation, which is much more pro-
nounced in 4H-SiC growth than 6H-SiC. All these facts indicate that it is essential to
keep supersaturation low enough to ensure ªperfect step-flow growthº, thus enabling
homoepitaxy of a-SiC. The improvement of 6H-SiC epilayer quality by utilizing off-or-
iented substrates has also been reported in LPE [26]. Thus, the use of off-oriented sub-
strates may be a key technique in various SiC growth methods.

The off-direction dependence in CVD growth of 6H-SiC has been reported by Kong
et al. [7] and Ueda et al. [27]. On a 6H-SiC(0001) Si face inclined toward h1�100i, stripe-
like morphology, which is caused by pronounced step bunching, appeared and the inclu-
sion of 3C-SiC domains was observed by long-time growth. Based on these results, the
off-direction toward h11�20i has mainly been employed in almost all the groups.
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Fig. 3. Schematic images of the rela-
tionship between growth modes and
polytypes of layers grown on 6H-
SiCf0001g. a) 3C-SiC is grown
through two-dimensional nucleation,
and b) homoepitaxy of 6H-SiC is
achieved owing to step-flow growth
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3.2 Growth mechanism

At a C/Si ratio (the ratio between the number of C and Si atoms in supplied gases)
greater than 1.4, where good morphology without Si droplets can be obtained in the
present growth system, the growth rate increases proportionally with the flow rate of
SiH4, indicating that Si species limit SiC growth. Karmann et al. [28] also investigated
the growth on off-oriented 6H-SiC(0001) faces using SiH4 and C3H8 at 1500 to 1600 �C,
and observed that the supply of SiH4 controlled the rate of SiC growth.

Allendorf and Kee [29] have analyzed gas-phase and surface reactions at 1200 to
1600 �C in a SiH4±C3H8±H2 system. Stinespring and Wohmhoudt [30] also reported a
similar analysis on gas-phase kinetics. Their analyses have shown that the dominant
species which contribute to SiC growth may be Si, SiH2, Si2H2 species from SiH4, and
CH4, C2H2, C2H4 molecules from C3H8. This simulation suggests that Si (or SiH2) may
be preferentially adsorbed and migrate on the surface. In fact, almost no deposition
occurs in the present CVD system without SiH4 supply. Recently, the effective C/Si
ratio in vapor in the vicinity of a substrate surface has been estimated to be about 100
or higher at an ªinputº C/Si ratio of 2 [31]. This fact means that growth environment is
extremely C-rich, making the supply of Si species be a major limiting factor of growth
rate.

The authors systematically investigated the effects of C/Si ratio on surface morpho-
logy. At 1500 �C, epilayers on Si faces showed specular, smooth surfaces for the C/Si
ratios between 2 and 6. On C faces, the optimum C/Si ratio window is relatively nar-
row, from 2 to 3. This tendency is independent of substrate polytypes, 6H or 4H. How-
ever, epitaxial growth 4H-SiC on Si faces is very sensitive to polishing damage and/or
substrate defects. Triangular pits and macrosteps are easily formed at the defect sites. A
recent work revealed that 3C-SiC nucleation takes place on most triangular pits (trian-
gular stacking faults) [25]. Though the appearance of these surface defects can be sup-
pressed by reducing surface damage and improving CVD procedures [32], it is note-
worthy that these defects appear only on Si faces. Epilayer surfaces on C faces are very
flat even for 4H-SiC as far as the C/Si ratio is in the range from 2 to 3.

Fig. 4 shows the growth rates for various off-angles of the substrate at 1500 �C [33].
The flow rates of SiH4 and C3H8 are 0.30 and 0.20 sccm, respectively. In this figure,

open (on a Si face) and closed (on a C
face) triangles mean the growth of 3C-SiC,
and open and closed circles mean that of
6H-SiC. 6H-SiC can be homoepitaxially
grown on off-oriented substrates with more
than 1�. On well-oriented substrates (off-
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Fig. 4. Dependence of growth rate at 1500 �C on
off-angle of the substrate. The flow rates of SiH4

and C3H8 are 0.30 and 0.20 sccm, respectively.
Open and closed triangles show growth of 3C-
SiC, and circles denote that of 6H-SiC
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angle � 0�) higher growth rates are ob-
tained on C faces, as has been reported
[34]. This might be ascribed to the higher
nucleation rate on (000�1) C terraces [35].
With increasing off-angle, the growth
rates on both faces approach each other
and become almost the same value of
2.5 mm/h for off-angles from 4� to 10�.

Fig. 5 shows the temperature dependence of the growth rate in the range between
1200 and 1600 �C, in which homoepitaxial growth of 6H-SiC occurs [33, 36]. The flow
rates of SiH4 and C3H8 are 0.15 and 0.10 to 0.14 sccm, respectively, and the off-angle is
5 to 6�. The temperature dependence of the growth rate yields a very small activation
energy of 12 kJ/mol. For CVD growth on well-oriented f0001g faces, activation energies
of 50 [34], 84 [37] or 92 kJ/mol [2] were reported. There is little difference between the
growth rates on Si and C faces even at low temperatures. Karmann et al. [28] also
reported similar insensitivity of growth rate to temperature in CVD on 6H-SiC sub-
strates with a 2� off-angle toward h1�100i.

The solid curve in Fig. 5 denotes the theoretical growth rate calculated with a stag-
nant layer model, which has been developed in Si CVD [38]. The absolute values of
growth rate calculated from the simple model show surprisingly good agreement with
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Fig. 5. Temperature dependence of growth rate
on 6� off-oriented 6H-SiC(0001) Si and (000�1) C
faces. The flow rates of SiH4 and C3H8 are 0.15
and 0.10 to 0.14 sccm, respectively. The calcu-
lated result based on a stagnant layer model is
shown by a solid curve

Fig. 6. Critical growth conditions as
a function of growth temperature,
growth rate, and off-angles of the
substrate �q � 0:2�; 1�; 3�; 6�; and
10�). The top-left and bottom-right
regions from the curves correspond
to two-dimensional nucleation and
step-flow growth conditions, respec-
tively
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experimental values. The predicted growth rate increases gradually with temperature
increase, owing to the enhancement of diffusion in a stagnant layer. The calculated
curve in the range of 1200 to 1600 �C yields an apparent activation energy of 10 kJ/mol
using the method of least squares, in very good agreement with the experimental result.
Therefore, the growth would be limited by mass transport in step-controlled epitaxy.
This fact gives good explanation for little difference in the growth rates on Si and C
faces, because no polarity dependence should be observed in the growth controlled by
mass transport.

The ªstep-flow growth windowº, where homoepitaxy of SiC is realized through step-
flow is of great interest. For example, the authors found that 6H-SiC can be homoepi-
taxially grown on a 6� off-oriented substrate at 1200 �C, but not at 1100 �C [33]. Using
a simple surface diffusion model based on the BCF (Burton, Cabrera, and Frank) theory
[39] and some experimental data, we determined the critical growth conditions where
growth mode changes from step-flow (6H- or 4H-SiC growth) to two-dimensional nuclea-
tion (3C-SiC growth) [40]. Critical growth conditions are shown by the curves in Fig. 6
for substrate off-angles of 0.2�, 1�, 3�, 6�, and 10�. In the figure, the top-left and bottom-
right regions separated by the curves correspond to the two-dimensional nucleation and
step-flow growth conditions, respectively. Almost no difference in the critical conditions
was obtained on Si and C faces. The higher growth rate and lower off-angle are avail-
able for step-flow growth at higher growth temperatures. At 1800 �C, a very small off-
angle of 0.2�, which yields almost ªwell-orientedº faces, is enough to achieve step-flow
growth with a moderate growth rate of 6 mm/h. This may be one of the reasons why
6H-SiC can be homoepitaxially grown on well-oriented faces if the growth temperature
is raised up to 1700 to 1800 �C [2 to 4]. The role of defects for 3C-SiC nucleation may
become important on substrates with small off-angles [24]. On the contrary, large off-
angles more than 5� are needed to realize homoepitaxy of 6H-SiC at a low temperature
of 1200 �C with a growth rate of 1 mm/h.

3.3 Step bunching

In SiC growth, quite a few studies have been reported about step structure on high-
quality CVD-grown a-SiC surfaces [41 to 44]. In the present study, as-grown samples

without any surface treatments were
examined using atomic force micro-
scopy (AFM) and TEM observations.
Fig. 7a, b show the height profiles of
6H-SiC epilayers grown on (0001) Si
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Fig. 7. Height profiles of 6H-SiC epilayers
grown on 5� off-oriented (a) 6H-
SiC(0001) Si and (b) (000�1) C faces. The
surface steps go down from the left to the
right
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and (000�1) C faces, respectively, obtained from AFM data [42]. The off-angle of the
substrates is 5�, and the steps go down from the left to the right. A distinctive difference
in the surface structure between both the faces can be observed. Epitaxial growth on a
(0001) Si face yields ªapparent macrostepsº with a terrace width of 220 to 280 nm and a
step height of 3 to 6 nm. Each macrostep is not a single multiple-height step but com-
posed of a number of ªmicrostepsº with different terrace widths as well as different step
heights. Powell et al. [41] also reported macrostep formation on 6H-SiC(0001) Si faces
[41]. On a (000�1) C face, the surface is rather flat and no macrosteps are observed.
Although 4H-SiC epilayers had basically similar step structures, the 4H-SiC(0001) Si
faces exhibited real macrosteps with 110 to 160 nm width and 10 to 15 nm height in
some regions.

The mechanism of ªapparent macrostepº formation on 6H- and 4H-SiC(0001) Si faces
is not clear at present. However, the surface is quite similar to the so-called ªhill-and-
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Fig. 8. Typical cross-sectional TEM images for 4H-SiC surfaces grown on a) Si and b) C faces. Sub-
strates are (0001) Si 3.5� off-oriented toward h11�20i. The samples are examined along the h�12�10i
zone axis
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valley (or faceted)º structure, which often appears on grown surfaces with off-orienta-
tion from a low-index plane [45, 46]. The off-oriented surfaces will spontaneously rear-
range to minimize their total surface energies, even if this involves an increase in surface
area. The surface free energies of SiC were calculated to be 1767 � 10ÿ7 J=cm2 for the Si
face and 718 � 10ÿ7 J=cm2 for the C face [47]. Thus, the surface energy may be reduced
by the formation of hill-and-valley structure on off-oriented (0001) Si, which has much
higher surface energy.

Fig. 8a, b show typical cross-sectional TEM images for 4H-SiC surfaces grown on Si
and C faces, respectively, with 3.5� off-angle. The epilayers were produced at a C/Si
ratio of 2, and have a thickness of 10 mm. The samples were examined along the h11�20i
zone axis to obtain clear lattice images. No island growth on the f0001g terraces are
observed, indicating step-flow growth. On a Si face (Fig. 8a), the number of Si±C bi-
layer at bunched steps is four. It should be noted that the bunched steps correspond to
exactly the unit cell of 4H-SiC: ABCB steps in the ABC notation. On a C face
(Fig. 8b), however, single bilayer-height steps dominate, and bunched steps are rela-
tively few.

The authors examined more than 200 steps from at least two samples for each condi-
tion, and made histograms of step height and terrace width. Fig. 9 and 10 show the
histograms of step height for the surfaces of 6H-SiC and 4H-SiC epilayers, respectively.
On a 6H-SiC Si face, 88% of steps are composed of three Si±C bilayers (half unit cell),
and 7% of steps have six Si±C bilayer height (unit cell). In contrast, single Si±C bi-
layer-height steps are dominant on C faces, showing a probability of 68%. On the other
hand, four-bilayer-height (unit cell) steps are the most dominant (66%) and two-bilayer-
height steps show the second highest probability (19%) on a 4H-SiC Si face. On a 4H-
SiC C face, however, most (80%) steps have single Si±C bilayer height. It is also note-
worthy that even on C faces, small amount of bunched steps have, again, three- or six-
bilayer-height in 6H-SiC, and two- or four-bilayer-height in 4H-SiC. The origin of this
striking polarity dependence is not known. The migrating species, surface coverage, and
exact bond configuration at step edges should be analyzed to reveal the mechanism.

As shown in Figs. 9 and 10, the formation of half-unit-cell or unit-cell height steps
seems to be inherent in a-SiC growth. Similar observation has been reported on 6H-SiC
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Fig. 9. Histograms of step height for surfaces of 6H-SiC epilayers grown on a) Si and b) C faces.
The substrate off-angle is 3.5� toward h11�20i. The epilayers were produced with a C/Si ratio of 2
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surfaces grown by the Lely method [48] and MBE [49]. Thus, the origin of step bunching
in SiC may be correlated with the surface equilibrium process. Heine et al. [18] suggested
that surface energies are different for each SiC bilayer plane owing to the peculiar stack-
ing sequence. Different surface energy may lead to different step velocity among differ-
ent Si±C bilayers, and thereby causes ªstructurally-induced macrostep formationº, of
which details will be discussed elsewhere [50].

On a Si face with 3.5� off-angle, the average terrace widths experimentally obtained
were 12.4 nm for 6H-SiC and 16.8 nm for 4H-SiC. The different average terrace width
between 6H-SiC and 4H-SiC, in spite of the identical off-angle, originates from the differ-
ent height of multiple steps as described above. From a viewpoint of epitaxial growth,
narrow terraces are preferable to achieve step-flow growth. This is crucial in SiC growth,
because supersaturation increases on larger terraces, leading to 3C-SiC nucleation. In
this sense, 4H-SiC, which shows larger terrace widths, may have the disadvantage of
relatively higher probability for nucleation on terraces. To overcome this problem, a
slightly higher growth temperature would be helpful, since the longer surface diffusion
length of adsorbed species and lower supersaturation on terraces are expected at higher
temperatures. Larger off-angles of substrates might be also effective in 4H-SiC growth
[51]. On the other hand, C faces showed much smaller average terrace widths (4 to
5 nm), owing to fewer bunched steps. This might be one reason why epilayers grown on
C faces exhibit a very flat surface even for 4H-SiC.

4. Impurity Doping and Characterization

4.1 Characterization of unintentionally doped n-type epilayers

For SiC epilayers grown under optimum condition, very smooth surfaces can be obtained
on both Si and C faces (especially on a C face), and almost all the surface pits originate
from so-called ªmicropipesº in the substrates, except for 4H-SiC epilayers on a Si face, on
which a small density of triangular pits is still existing even on 8� off-oriented substrates.
Although it is difficult to detect small micropipes on as-polished surfaces (before growth),
triangular pits are formed at the micropipe positions after epitaxial growth. These pits are
accompanied with ªshadowsº due to the impedance of step-advance.
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Fig. 10. Histograms of step height for surfaces of 4H-SiC epilayers grown on a) Si and b) C faces.
The substrate off-angle is 3.5� toward h11�20i. The epilayers were produced with a C/Si ratio of 2
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In photoluminescence (PL) mea-
surements at 2 to 15 K, PL spec-
tra are governed by the lines due
to the recombination of an exciton
bound to neutral nitrogen and free
excitons. The N donor±Al accep-
tor pair band is very weak,
whereas the donor±acceptor pair
luminescence is dominant in sub-
strates. PL spectra indicated very
little contamination of Al accep-
tor, which would normally show
the Al bound exciton peaks [52].

Fig. 11 shows the temperature dependence of electron mobility of 6H- and 4H-SiC
with a net donor concentration of 4 � 1016 cmÿ3. The mobility is 351 cm2/Vs for 6H-SiC
and 724 cm2/Vs for 4H-SiC at room temperature [21]. The mobility increases with low-
ering temperature, and reaches up to 6050 cm2/Vs for 6H-SiC and 11000 cm2/Vs for
4H-SiC at 77 K. The increasing mobility at low temperature reflects the low impurity
compensation in the epilayers.

Isothermal capacitance transient spectroscopy (ICTS) measurements on Schottky
structures of n-type 6H-SiC epilayers have shown very small concentrations (below the
detection limit) of deep traps [53]. Recently, the authors' group succeeded to reveal deep
electron traps in both 6H- and 4H-SiC epilayers by high-resolution deep level transient
spectroscopy (DLTS). The samples used in this study were 8 to 10 mm thick epilayers
with a net donor concentration of 2 � 1015 to 1 � 1016 cmÿ3. Fig. 12a, b show the DLTS

Step-Controlled Epitaxial Growth of High-Quality SiC Layers 257

Fig. 11. Temperature dependence of
electron mobility of 6H- and 4H-SiC
epilayers with a net donor concentra-
tion of 4 � 1016 cmÿ3

Fig. 12. DLTS spectra obtained from as-grown a) 6H-SiC and b) 4H-SiC epilayers with a net donor
concentration of 2 � 1015 cmÿ3
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spectra obtained from as-grown 6H-SiC and 4H-SiC epilayers, respectively. The spectra
of 6H-SiC exhibit two peaks both at concentrations of 4 � 1012 cmÿ3. An Arrhenius plot
evaluation of these two peaks revealed the activation energies of 0.39 to 0.43 and 1.17 to
1.27 eV with respect to the conduction band, respectively. These peaks are termed S and
R, based on a previous report [55]. On the other hand, only one peak is observed in
4H-SiC epilayers. The trap concentration and activation energy are estimated to be
4 � 1012 cmÿ3 and 0.63 to 0.68 eV, respectively. This trap can be attributed to the
Z1-center, an acceptor-like complex containing intrinsic defects [56]. Thus, both 6H- and
4H-SiC epilayers have low concentration of deep levels, indicating high quality sufficient
for device applications.

4.2 In-situ doping of impurities

In-situ n-type doping can easily be achieved by the introduction of N2 during epitaxial
growth. The donor concentration estimated from capacitance±voltage �C V � character-
istics was proportional to the N2 flow rate in the wide range on both Si and C faces, in
agreement with the results by Wang et al. [57] and Karmann et al. [9], though these
previous studies employed only 6H-SiC(0001) Si substrates.

Recently, Larkin et al. [58] have found that the doping efficiency of impurities
strongly depends on the C/Si ratio (or Si/C ratio) during CVD growth (site-competition
epitaxy). The growth under a higher C/Si ratio leads to the lower N concentration in
the epilayers. This phenomenon can be explained by the fact that the higher C atom
coverage on a growing surface prevents the incorporation of N atoms, which substitute
at the C site, into crystals. Fig. 13 shows our result on the C/Si ratio dependence of
background doping level of unintentionally doped 4H-SiC epilayers. In the case of C/Si
ratio of 2, no significant difference was observed between epilayers on Si and C faces.
On a Si face, the donor concentration can drastically be reduced by increasing the C/Si
ratio. The lowest value in our system is in the range of 5 � 1013 to 1 � 1014 cmÿ3. On a
C face, however, the donor concentration is not sensitive to the C/Si ratio. We observed

a similar C/Si ratio dependence in in-
tentional N doping [59]. On the other
hand, the incorporation of aluminum
(Al) and boron (B) atoms, which sub-
stitute at the Si site, is enhanced un-
der C-rich conditions on a Si face.

Fig. 14 shows the electron mobility
at room temperature in the basal
plane versus carrier concentration of
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Fig. 13. C/Si ratio dependence of donor
concentration for unintentionally doped
4H-SiC epilayers
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6H- and 4H-SiC epilayers. As is well-
known, 4H-SiC exhibits a two times
higher electron mobility than 6H-
SiC. However, the difference seems
to be small for heavily doped layers,
in agreement with a previous report
[60]. As shown in Fig. 13, very low-
doped epilayers can be produced on
Si faces by growing under C-rich
conditions. For very low-doped epi-
layers, which were produced with a

C/Si ratio of 4 to 5, high electron mobilities of 431 cm2/Vs �n � 2 � 1014 cmÿ3� for 6H-
SiC and 851 cm2/Vs �n � 6 � 1013 cmÿ3� for 4H-SiC were obtained at room tempera-
ture. For device applications, 4H-SiC is much more attractive owing to its higher elec-
tron mobility and smaller anisotropy [60, 61].

The addition of a small amount of TMA is effective for in-situ p-type doping.
Although most Al-doped epilayers showed very smooth surfaces, surface pits and hil-
locks were observed in heavily doped (Al concentration >3 � 1018 cmÿ3� samples grown
on C faces. The supply of TMA causes the shift of growth conditions toward C-rich
ambience due to the release of CH3 species from TMA molecules. The surface migration
is suppressed and the nucleation is promoted under C-rich growth conditions [62]. Be-
sides, C faces easily suffer from two-dimensional nucleation, due to its low critical super-
saturation ratio [35, 40]. This may be the reason for the surface roughening of heavily
Al-doped epilayers grown on C faces. The Al acceptor concentration versus TMA flow

rate is shown in Fig. 15. The flow
rates of SiH4 and C3H8 are 0.30 and
0.20 sccm (C/Si ratio � 2.0), respect-
ively. The acceptor concentration esti-
mated from C V measurements agreed
well with the Al concentration deter-
mined by secondary ion mass spectro-
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Fig. 14. Electron mobility vs. carrier con-
centration of n-type 6H- and 4H-SiC epi-
layers at room temperature

Fig. 15. Al acceptor concentration vs. TMA
flow rate in epitaxial growth of 6H-SiC.
The growth was performed at 1500 �C with
a C/Si ratio of 2
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scopy (SIMS) measurements. The doping efficiency is much higher on Si faces than on C
faces by a factor of 10 to 80. On a Si face, the acceptor concentration increases super-
linearly with the TMA supply. This superlinearity may be caused by the increased effec-
tive C/Si ratio under high TMA flow conditions, enhancing the Al incorporation, men-
tioned above. It should be noted that heavily doped p-type layers can be grown only on
a Si face.

Because of the high ionization energy Al acceptors (242 meV in 6H-SiC) [63], the
activation ratio p=Na (p hole concentration, Na acceptor concentration) was as low as
0.01 to 0.1 at room temperature. However, a very high hole concentration of 4 to
6 � 1019 cmÿ3 could be achieved for heavily doped epilayers (Al concentration is in the
mid 1020 cmÿ3 range). This result might arise from the decreased ionization energy in
heavily doped samples, or from the formation of impurity band caused by the impurity±
impurity interaction [64]. The lowest p-type resistivity was 0.042 W cm for 6H-SiC and
0.025 W cm for 4H-SiC, which were obtained on Si faces. These p� epilayers can be
successfully used for contact layers to reduce contact resistances. Thus, each surface (Si,
C face) possesses its inherent properties, and the substrate polarity should be selected,
depending on the device structure, to achieve the full potential of SiC [65].

5. Summary

Step-controlled epitaxial growth of SiC on off-oriented SiCf0001g substrates was reviewed.
Step-flow growth is essential to realize polytype replication in epilayers without 3C-SiC
inclusions through two-dimensional nucleation on terraces. The introduction of a substrate
off-angle induces the change of rate-determining step from surface-reaction control to diffu-
sion control. Critical growth conditions where growth mode changes from step-flow to two-
dimensional nucleation were predicted as a function of growth temperature, growth rate,
and substrate off-angle, by using a model describing SiC growth on vicinal SiCf0001g. Step
structures of epilayer surfaces depended on the substrate polarity as well as polytypes.
Dominant step heights corresponded to the half or full unit cell of SiC polytypes.

The background doping level of epilayers could be reduced to less than 1 � 1014 cmÿ3

by the growth under C-rich conditions, by which very high electron mobilities of
431 cm2/Vs for 6H-SiC and 851 cm2/Vs for 4H-SiC were obtained. Deep level analyses
revealed that the trap concentration was in the 1012 cmÿ3 range, indicating very high
quality of the epilayers. Excellent doping control has been obtained by in-situ doping of
a nitrogen donor and an aluminum acceptor.
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