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Homoepitaxial Growth and Characterization of 4H-SiC Epilayers
by Low-Pressure Hot-Wall Chemical Vapor Deposition
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Abstract: Horizontal air-cooled low —pressure hot-wall CVD (LP-HWCVD) system is developed to get highly qualit-
ical 4H-SiC epilayers. Homoepitaxial growth of 4H-SiC on off-oriented SiHace (0001) 4H-SiC substrates is per—
formed at 1500°C with a pressure of 1. 3X 10°Pa by using the step-controlled epitaxy. T he growth rate is controlled
to be about 1. Oum/h. The surface morphologies and structural and optical properties of 4H-8iC epilayers are char—
acterized with Nomarski optical microscope, atomic force microscopy (AFM), X—ray diffraction, Raman scattering,
and low temperature photoluminescence (LTPL). N-ype 4H-SiC epilayers are obtained by in-situ doping of NHs
with the flow rate ranging from 0.1 to 3scem. SiC p—n junctions are obtained on these epitaxial layers and their

electrical and optical characteristics are presented. T he obtained p—n junction diodes can be operated at the tempera—

ture up to 400°C, which provides a potential for high-temperature applications.
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1 Introduction

Silicon carbide (SiC) takes the form of many
polytypes, which are classified by the stacking se-
quence and cycle along the c-axis direction. 4H—
6H— and 3C-SiC are three interesting polytypes. In
particular, most attentions are paid on 4H-SiC
polytype. The unique thermal and electronic prop-
erties of SiC make it an attractive semiconductor
for electronic devices designed to operate in ex-—
treme conditions, such as high voltage, high tem-
perature, high frequency, and high radiation. It is
shown that homoepitaxial growth has been key
technology to fabricate SiC devices. The growth on
off-oriented &-SiC (0001) substrates by chemical

vapor deposition (CVD) with step-controlled epi-
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taxy'™ " utilized at around 1500C is standard tech-
nique to produce device—quality epilayers. For pow -
er devices with high breakdown voltage, high quali-
ty and thick epitaxial layers are needed. T o fulfill
these requirements, hot-wall CVD systems, both
horizontal'*” and vertical'®”, have been proposed
and developed and SiHs+ CsHs+ H: gas system has
been used mainly. It is desired to grow epitaxial
layer with other carbon material easily dissociated
at higher temperature. Heteroepitaxial growth of
SiC on Si using C2Hs4 as carbon source material has
been already reported in previous works'*”.

[n this paper, we report on the developed hori-
zontal hot-wall CVD reactor and homoepitaxial
growth of 4H-8iC on off-oriented 4H-SiC(0001) Si
planes using SiHi+ C:Hi+ H: system. The surface

morphologies, structural, and optical properties of
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4H-SiC epilayers are characterized with Nomarski
optical microscope, SEM, AFM, X-ray diffraction,
Raman scattering, and low temperature PL. mea-
surements. Preliminary results of the 4H-SiC p=

Junction diodes are also presented.

2 Experiment

An air-cooled horizontal quartz reactor heated
inductively was designed and built in the authors”
group and was employed for the homoepitaxial
growth of 4H-5iC. The schematic drawing of the
chamber is shown in Fig. 1(a). A high—purity SiC-
coated graphite susceptor with a solenoid coil RF
heating provides a temperature up to 1600°C. The
susceptor is a round high-purity graphite bar with
a rectangular-shaped hole in the center. The 4H-
SiC substrates were placed on the inside bottom
surface of the hole as shown in Fig. 1(a). The
graphite foam wrapped around the susceptor was
used as the thermal insulation and to reduce the
thermal losses. The susceptor temperature is mea—
sured by a pyrometer through the glass window in

the center of the down stream flange.
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Fig. 1 (a) Sketch of the horizontal hot-wall CVD reac-
tor chamber: (b) Schematic diagram of the growth pro-

Ccess

The precursor gases of SiH4 and C2H4 and car-
rier gas of Hz are introduced through a flat, water—
cooled stainless steel flange via a number of small
holes. A palladium cell is used to supply high puri-
ty hydrogen to the growth process. The substrates
used in this study were commercially available n-
and p-type 4H-SiC with Si4erminated ( 0001) faces
87 off-axis toward {120) direction. The typical
flow rates of SiH4 and H2 were 0.5 and 3000scem.
The C/Si ratio in the gas phase ranged from 1 to 6.
The growth temperature and pressure were typi—
cally 1500°C and 1.3 X 10°Pa, respectively. Ammo—
nia (NHs) was employed for intentional n-type
doping. Prior to deposition, the substrates were
etched at 1500C for 30min in Ha. Figure 1(b)
shows the growth process.

The surface morphology was characterized by
Nomarski differential interference contrast mi-
croscopy and AFM. X-ray diffraction, Raman, and
low temperature PL were performed to determine
the structural and optical properties. Electrolu-
minescence measurements were carried out with

Ti/Au ohmic contacts to determine characteristics

of the 4H-SiC p—n junction diodes.

3 Results and discussion

The as-received polished wafers are specular
but exhibited high-density random scratches as
shown in Fig. 2(a) . A flat 4H-SiC substrate surface
is needed for the subsequent epitaxial growth. T he
surface morphology of 4H-SiC substrates is studied
in three different ways: high temperature annealing
in Hz, oxidization and subsequent HF etching, and
high temperature annealing in H2 and C:Ha. Figure
2(b) shows the AFM image of the 4H-SiC sub-
strate surface exposed to Hz at 1350°C for 3h in a
3000scem H: environment. The RMS with the im-
age size of 2Zpym X 2pm is 0.220nm, while that by
oxidation/etching and annealing in H2 and C:Hs are
0.784 and 1. 592nm. respectively. It is well known
that the height of a single double-ayer of Si and C
atoms is 0. 25nm that is stacked in the e-direction

to form the various SiC polytypes. This result
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would lead us concluding that an atomically flat
and damage free SiC surface, ideal for epitaxial

growth, can be obtained by Hz annealing at 1350°C.

1.0

0
1.0 2.0pm

Fig.2 AFM images of the as-recevied 4H-8iC substrate
surface (a) and that obtained after H: annealing at

1350°C for 3h (h)

Most time has been spent on optimizing the
morphology of 4H-SiC epitaxial layers, which is
critical for the device fabrication. It has been shown
that as the growth temperature decreases, the
range of growth condition to obtain a smooth sur-
face becomes narrower. To obtain optimized
growth condition, the dependence of the surface
morphology of 4H-8iC epilayers on the C/Si ratio
was investigated systematically. Figure 3 shows
Nomarski micrographs of 4H-SiC epilayers grown
at 1500°C with C/Si ratio of (a) 6.0,(b) 3.0,(c)
2.0, and (d) 1.0. The SiHs flow rate is 0.5scem
and kept at constant in the whole growth process
and four different runs. The best RMS obtained by
AFM is 0.592nm. It can be seen from Fig. 4 that
the epilayer surface becomes smooth as the C/Si
ratio decreases from 6.0 to 1.0. The surface be-

comes specular when the C/Si is around 1~ 2.

Fig. 3
grown at 1500°C for h on (0001) Si planes with 8°
off toward 11-20) direction (a) C/Si= 6.0:(h) C/
Si= 3.0:(¢) C/Si= 2.0:(d) C/Si= 1.0

Nomarski micrographs of 4H-SiC epilayers

Fig. 4 Nomarski micrographs of typical surface de-

fects on 4H-8iC epilayers grown at C/Si ratio of 2.0
((a) and (b)) ,and 1.0 ((¢) and (d))

Typical surface defects, namely, round pits,
wavy steps, grooves, and triangular defects, are
observed on 4H-SiC epilayers grown at C/Si ratio
of 2.0 and 1.0 as shown in Fig. 4.1t is shown that
these surface defects are induced by the structural
defects penetrating from the substrates''”. But the
surface defect density, especially the round pits, for
our samples grown under optimized conditions is
much less than that in Ref. [ 10].To eliminate this
type of defects, the growth conditions (C/Si ratio
and SiHs flow rate) and pregrowth substrate sur—

face modifications have to be optimized further.
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With decreasing C/Si ratio further (less than 1) or
increasing the SiHs flow rate, Si-droplets or those
originated from Si-droplets (not shown here) have
been observed. A too high SiH4 concentration in the
gas phase can lead to the condensation of Si-
droplets on the wafer, which then evaporate leaving
traces on the epilayers. We have observed that at
moderate C/Si ratio of around 2.0 and SiHs flow
rate of 0.3scem, the Si-droplets can be eliminated
completely. Chemical analysis of molten KOH at
500C is used for etching studies. The hexagonal,
shelldike, rounded etch pits as well as etch pits
lines are found to be randomly distributed over the
surface. It is shown that the epilayer inherits both
the structure and the defects density of the sub-
the of SiC off

strate in on

growth
substrates

The crystallinity of the as—grown 4H-SiC epi-
layer is evaluated using Rigaku D/max-2400 X-ray
diffractometer. Figure 5 shows a typical XRD wide
scan between 20°~ 90° for an epilayer. A strong
peak at 35.45° with a full width at half maximum
of 0.14°% is due to diffraction from the (0004)
planes of 4H-SiC. No other feature is evident be-
sides the (0004) patterns, thus indicating good 4H-
SiC crystalline structure. High-resolution X-ray
diffraction measurements showed that the full
width at half maximum (FWHM) of the 4H-SiC
(0004) peak is approximately 10arcsee, which is
comparable to that in Ref. [ 12].
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Fig. 5
thick 4H-SiC epilayer with FWHM of 0. 14°

Typical X-ray diffraction pattern for a 10um

Raman scattering spectroscopy is a powerful
tool to characterize SiC non-destructively. Figure 6
shows the Raman spectrum for a typical 10pm-
thick 4H-SiC epilayer obtained at room tempera-
ture in the back-scattering configuration. Typical
Raman peaks of 4H-SiC polytype at 206.5(TA,
E2), 777.8(TO0O, E2), 797.8(TO, Ei), and 966. 3
(LO, A1) em™ '
well-ordered 4H-8iC ( within 0.5em™') are ob-

served as described in Ref. [ 13]. This result con-

corresponding to the reasonably

firms that the 4H-SiC epilayers can be grown ho-
moepitaxially on the off-orientation 4H-type sub-

strates with high erystal quality.
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Fig. 6 Typical Raman spectrum of the 4H-8iC epi-
layer

Low temperature PL is also employed to char-
acterize the epitaxial layers. Figure 7 shows the
photoluminescence spectrum at 15K and the depen-
dence of PL spectral change on temperature rang—
ing from 15 to 100K. As shown in Fig. 7(a), the
spectrum is composed of zero—phonon lines of Ao,
Bo, and Co and their phonon replicas in energy re—
gion of 2.8~ 3.2eV. Including all other polytypes,
the energies of four phonons in SiC are Eta =28,
Ewn=68, Eto=~95, ErLo=~107 and 118meV, respec-
tively. Zero—phonon line of Ao attributes to the re-
combination of a free electron with a hole trapped
at Al acceptor in this case. 4H-SiC has one cubic
and one hexagonal site in its erystal structure. T he
energy levels of N donors on these two sites have a
significant difference, which brings about two se-

ries of luminescence in donor-acceptor recombina-
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tion, i. e., B and C series. It is obtained that the en—
ergy difference between Boand Co peaks in Fig. 7 is
60meV ., which is close to the difference in ioniza—
tion energies ( 38meV) of N donors at cubic sites
(124meV) and hexagonal sites (66meV). The A,
B, and C series peaks kept unchanged, while the in-
tensity decreases with increasing temperature from
15 to 60K. However, when temperature is larger
than 80K, the A, B, and C series peaks disappeared
and a new broad PL peak centered at around
2.460eV is present. The exact explanation of this
new broad PL peak is probably related to deep
boron centers''. These results further show that
4H-5iC can be homoepitaxially grown by step-con-

trolled epitaxy on off-oriented substrates.
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Fig.7 (a) Photoluminescence spectrum at 15 K. and (b)

the PL spectral change with temperature in the range

from 15 to 100K for a 10pgm-thick 4H-5iC epilayer

4H-SiC p— junction diodes are fabricated by
growing N-doped or undoped (n-type) epilayers on

Al-doped 4H-SiC substrates. The electrical proper—

ties of 4H-SiC epilayers and p—n junction diodes
have been reported in Ref. [ 15] with the electrolu-
minescence. For example, Figure 8 shows the typi-
cal blue—violet electroluminescence( EL) spectrum
(452.Onm: 2.747eV) of a 4H-SiC p—n junction
diode biased at a forward voltage of 27V. The inset
shows the photograph of EL with the forward 7V
curve at (a) room temperature and (b) 400°C, re-
spectively. It can be seen from Fig. 7 and Fig. 8 that
the main EL peak position is completely different
from that in PL, indicating different EL and PL
mechanisms. It has been proposed that the D-A
pair recombination is a dominant light-emission
mechanism in EL'"". The light generation mecha-
nism for 4H-SiC LEDs is phonon-assisted donor-
acceptor( D-A) pair recombination between nitro-
gen donors and aluminum acceptors. The 4H-SiC p-
n junction can operate at temperature up to 400°C
as shown in the inset. This indicates the advantage

of 4H-SiC devices operating at high temperature.

27V 4 452.0nm

Intensity/a.u.

400 450 500 550 600 650
Wavelength/nm

Fig. 8 Blue—violet EL spectrum(452. Onm: 2. 74eV)
of a 4H-SiC p-n junction diode The inset is the
photograph of EL with the forward [V curve at

room temperature (a) and 400°C (b), respectively.

4 Conclusion

Horizontal LP-HWCVD system is developed.
Homoepitaxial growth of 4H-SiC on off-oriented
Si-face (0001) 4H-SiC substrates has been per-
formed with the step-controlled epitaxy used. An
atomically flat SiC substrate surface with RMS of
0.220nm and 4H-SiC epilayer surface with RMS of
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0.59nm are obtained by H: annealing at 1350°C and

optimized growth condition, respectively. Results
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