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Abstract

The structure, strain and defect density of SiC thin films epitaxially deposited on 6H-SiC (0001), Si(111) and Si(001) from the single-
source organosilane precursor silacyclobutane (c-C;HgSiH,) were determined by X-ray double crystal diffractometry and topographic
methods. All the films grown on Si were found to be 3C-SiC type. The films grown on 6H-SiC (0001) at 800 to 1000°C were found to be
3C-SiC type, whereas the films grown on 6H-SiC (0001) at 1100°C were a mixture of 3C, 4H and 6H polytypes of SiC. All the films grown
on Si had very high defect densities. However, the defect density was reduced by a factor of 10* for the films of similar thickness on 6H-SiC

(0001), with the film grown at 900°C being the optimum one exhibiting structural properties nearly equal to those of the substrate.
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1. Introduction

SiC, with its superior physical properties [1], is a poten-
tially useful semiconductor material for various devices [2]
requiring a wide bandgap energy, high breakdown electric
field, high thermal conductivity, etc. The heteroepitaxial
growth of SiC on Si substrate using conventional CVD reac-
tors has yielded high-quality thin films with the 3C cubic
crystal structure [ 3]. This enables the construction of devices
which combine the wide bandgap semiconductor properties
of SiC with the well developed technology of Si, such as SiC—
Si wide-gap emitter heterojunction bipolar transistors [4].

However, epitaxial growth of (111) 3C-SiC on c-plane
(0001) 6H-SiC is the material system of choice because of
the very small ( <0.1%) lattice mismatch between the film
and substrate. In addition to providing 3C-SiC epilayers for
homojunction applications, the growth of 3C-SiC on 6H-SiC
also produces a junction with a 0.7 eV bandgap energy dif-
ference for heterojunction device application. Previously,
3C-SiC has been grown epitaxially on Si and 6H-SiC(0001)
at high temperature (> 1300 °C) [5-12]. Reduction of the
growth temperature is an important goal in the fabrication of
SiC devices in order to reduce the defects caused by high-
temperature processing. The successful growth of crystalline
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3C-SiC films on Si and 6H-SiC substrates at relatively lower
temperatures (700-1150 °C) has been reported earlier [ 13—
18].

The 6H polytype (0006) and zincblende (111) stacking
planes in SiC have the same lattice spacing. Therefore the
standard 6-20 X-ray diffraction scan cannot distinguish
between these structures since it measures only the lattice
spacings parallel to the surface. In the present study, the
polytype, structure, stress and defect concentration in the SiC
thin films grown on Si and SiC substrates at reduced temper-
atures (700-1100 °C) were characterized using X-ray double
crystal diffractometry and X-ray double crystal topographic
techniques [ 19,20]. The thin films were grown using a rapid
thermal (RT) chemical vapor deposition system. The advan-
tages of X-ray characterization over other analytical tech-
niques are its large field of view, non-destructiveness and
speed. The X-ray double crystal topographic method is capa-
ble of recording individual topographs from the film and
substrate, has high resolution, with the ability to reveal small
defect concentrations in highly perfect crystals.

2. Experimental

The substrates used in the experiments were on-axis n-type
Si(001), Si(111) and 6H-SiC(0001). The deposition exper-
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Table 1
Growth conditions, thicknesses and lattice parameters of the SiC thin films

Sample SCB growth conditions (SCB/H,:1 sccm/1.9 1 min~%, 5 Torr, I min) Thickness (107 m) Lattice parameters (10~ m)
a* c

SiC/Si(111) 900 °C 0.50 4.3448 4.3590
SiC/Si(111)® 800 °C 0.05

SiC/Si(111) 700 °C 0.10 4.3259 4.3534
SiC/Si(001) 900 °C 1.50 4.3989 4.3498
SiC/Si(001)° 6.00 4.3639 4.3579
SiC/6H-SiC(0001)  1100°C 0.60 4.3726 4.3576
SiC/6H-SiC(0001) 1000 °C 0.90 4.3935 4.3491
SiC/6H-SiC(0001) 900 °C 1.00 4.3502 4.3627
SiC/6H-SiC(0001) 800 °C 0.68 4.3676 4.3583

2 Bulk cubic lattice parameter for SiC is 4.3596 X 10~ m.

® Lattice parameters could not be estimated since the sample was too thin to obtain any asymmetric reflections.

¢ Sample from Cree Research Inc.

iments were carried out in a computer-controlled
rapid-thermal chemical vapor deposition system (RTCVD),
previously described in detail in Ref. [21]. Prior to growth,
the samples were cleaned in-situ in an HCI/H, atmosphere
at 1200 °C. Next, the SiC films were grown using the single-
source organosilane precursor silacyclobutane (c-C;HgSiH,,
SCB) at temperatures 700-1100 °C. The cyclic structure of
the SCB molecule contains sufficient strain energy [22,23]
to reduce significantly its decomposition temperature, and
hence the temperature required for SiC deposition. The typ-
ical growth conditions were: reaction time 10 min, flow con-
ditions of 1.9 I min~™! H, and 1 standard cm® min~! (sccm)
of SCB, chamber pressure 5 Torr, and the growth rate was
1.13 nm s~ ! at 800 °C. For SiC growth on Si, an intermediate
carbonization step was used with propane at 1300 °C atatmos-
pheric pressure. Typical carbonization conditions were: 9
scem of propane mixed with 0.9 1 min ™! of H,, resulting in
growth of ~25 nm of SiC per min. The substrate size was
10 ecm X 10 cm X 0.8 mm. The growth parameters and the
thicknesses of thin films grown are listed in Table 1. The
thickness values were also checked by X-ray diffraction
[24,25]. In each film the thickness was found to be uniform,
and close to the value predicted by the growth parameters.
For comparison, an SiC film grown on Si(001) obtained from
Cree Research Inc. was also included in the study.

A Blake Industries double crystal diffractometer, con-
nected to a Rigaku X-ray generator with a microfocus and
the Cu K, radiation at 20 kV and 10 mA, was used for the
X-ray rocking curve measurements {20]. The first crystal
was a Si (111). The final slit size was 200 pm X 5 mm, the
sample was rotated at a speed of 50 arcsec min~!, and the
resolution was 1 arcsec.

For the X-ray topographic work [20], an asymmetrically
cut Si monochromator crystal was used to spatially broaden
the Cu K, radiation from a vertical source, microfocus,
rotating-anode generator. The (111) plane of the crystal
monochromator makes an angle of 13.7° with the surface, i.e.
0.5° less than the Bragg angle for the Cu Ka; radiation. X-

ray topographs were taken using either an asymmetric or a
symmetric reflection from each sample and llford L4 nuclear
plates with 50 wm emulsion thickness. To ensure the repro-
ducibility of the results, each topograph was repeated several
times.

3. Results and discussions

The SiC films on 6H-SiC grown at all temperatures have
a brownish color and exhibit a mirror-like surface with a
smooth and uniform appearance, as observed under the opti-
cal and scanning electron microscopy. The morphology of
the SiC films on Si was also good with a surface roughness
of 6-12 nm, whereas the Si substrate exhibited a surface
roughness of 3 nm [21].

Fig. 1(a) shows the X-ray double crystal rocking curves
(XDCRC) from a SiC thin film grown on 6H-SiC by SCB
at 900 °C. The theoretical angular separation between the 3C-
SiC [111] and 6H-SiC [0006] is 55 arcsec. The films grown
at 800-1000 °C exhibited a complete overlap of the 3C-SiC
[111] and 6H-SiC [0006] reflections at a Bragg angle of
I=17.8201° The 3C structure of grown SiC film was con-
firmed by the presence of asymmetric reflections which is
described in the next paragraph. The combined rocking curve
from the film and substrate is extremely sharp with a full
width at half maximum (FWHM) 16.93 arcsec (for the sam-
ple grown at 900 °C) indicating the absence of any mosaic
structure from high density of defects or finite domains. The
FWHM of the [0006] reflection from the 6H-SiC substrate
before the film was deposited was 15.5 arcsec. The decon-
voluted FWHM from the SiC film is only 6.73 arcsec. Thus
the SiC films produced are truly epitaxial with a low density
of defects. Earlier transmission electron microscopy work on
the SiC films grown on Si showed that these films are mon-
ocrystalline [21]. Epitaxial 3C-SiC on 6H-SiC has been
grown before at low temperature {17]. To the best of our
knowledge, this represents the first successful epitaxial
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Fig. 1. X-ray double crystal rocking curves from (a) the 3C-SiC thin film
grown on 6H-SiC(0001) at 900 °C, and (b) the SiC thin film grown on 6H-
SiC at 1100 °C. Part (a) shows the complete overlap of 3C-SiC [111] and
6H-SiC [0006] reflections; (b) exhibits reflections from the 3C, 4H and 6H
polytypes.

growth of 3C-SiC on 6H-SiC substrates at low temperature
with such a low defect density.

Asymmetric reflections were used to identify the polytype
of the SiC film. By inspecting the stereographic projection,
the unique asymmetric reflections which can be obtained at
particular orientations for the cubic zincblende structure of
SiCfor the (111) surface are recognized tobe [115], [224],
[024], etc., and for the (001) surface, these are [115], [224]
and [113]. All SiC films grown on Si(111), Si(001) and
6H-SiC(0001) were found to be of the zincblende type, and
not 4H or 6H types, except the one grown at 1100 °C.,

Interestingly, the SiC films grown on 6H-SiC at 1100°C
were observed to be more transparent than the films grown
at lower temperatures, indicating the possibility of the for-
mation of other polytypes. This was confirmed by the
XDCRC spectrum shown in Fig. 1(b), which exhibits reflec-
tions from 3C, 4H and 6H polytypes. The angular separation
between the 3C-SiC [111] and 6H-SiC [0006] peaks is
approximately 110 arcsec, which still shows only a small
lattice mismatch between the epilayer and substrate.
Fig. 2(a—c) shows the X-ray double crystal topographs cor-
responding to the three peaks shown in Fig. 1(b). These
topographs indicate that the three polytypes of SiC were
grown on top of each other. Dislocation network structures
and stacking faults, which are typical defects common to

1 i
2.27 mm

{ 1
2.27 mm
Fig. 2. X-ray double crystal topographs from the SiC thin film grown on 6H-
SiC at 1100 °C: (a) from 6H-polytype, [0006] reflection (A, dislocation
network; B, stacking fault), (b) from 4H-polytype, [0004] reflection, and
(c) from 3C-polytype, [111] reflection.
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high-temperature growth, are clearly visible in these
topographs.

The lattice parameters and structure of the SiC thin films
were obtained using a combination of symmetric and asym-
metric reflections and from the Bragg angle difference
between the epilayer and substrate lattices at 0° and 180°
azimuthal rotations [20]. The SiC films had a zincblende
structure with a tetragonal distortion. The lattice parameters
(Table 1) were slightly different from the bulk values (a.,.
pic =0.43596 nm), giving rise to a small strain in the films.
The perpendicular and parallel components of strain were
obtained from the difference in interplanar spacing along the
growth direction and in-plane from the corresponding bulk
interplanar spacing values, and are listed in Table 2. The
experimental stress, o, was calculated from the experimental
strain and using the theory of elasticity [26] (Table 2).
Table 2 also shows the experimental radius of curvature of
the thin film obtained using a symmetric reflection. The strain
present in the films can not be accounted for from the lattice
parameter mismatch [27]. The difference in thermal expan-
sion coefficients between the epilayer and substrate could be
responsible for the residual stress present in the system
[19,28]. The theoretical bending radius and stress were cal-
culated [20,29,30] from the thermal expansion coefficients
and elastic constants, and are shown in Table 2. The experi-
mental stress and radius of curvature are of the same order as
the theoretical values. The differences between the theoretical
and experimental values could be due to local warping in the
sample.

Table 3 lists the FWHM values for the thin films and sub-
strates. The dislocation density, D, can be calculated from the
FWHM, B, and using the equation D= (8% — B.rer) /907,
where B is the FWHM of a perfect crystal {31], and &
is the Burgers vector [32]. For the thin film, we used an
additional correction factor due to the thickness of the thin
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Table 2

Perpendicular and in-plane strains, radius of curvature, and stress in the SiC thin films

Sample Strain (%) Radius of curvature (m) Stress (10% Pa)
L I Exp.* Theor.® Exp. Theor.

SiC/Si(111) @ 900 °C 0.23C° 0.12C 14.7 50.9 6.68 3.95
SiC/Si(111) @ 800°C 0.16C 284.6 280.72 4.69 5.64

SiC/Si(111) @ 700 °C 0.27C 0.35C 245.5 541.4 773 2.92
SiC/Si(001) @ 900 °C 0.22C 0.90T¢ 345 16.57 6.49 9.55
SiC/8i(001) (Cree Research) 0.04C 0.10T 25.09 8.37 7.02 5.89
SiC/6H-SiC(0001) @ 1100°C 0.18T 0.07T 24.9 26.08 13.9 431
SiC/6H-SiC(0001) @ 1000 °C 0.43T 0.09T 21.02 20.16 8.62 4.16
SiC/6H-SiC(0001) @ 900 °C 03T 0.09T 10.81 2222 14.19 3.03
SiC/6H-SiC(0001) @ 800 °C 0.11T 0.04T 7.81 6.71 7.02 5.89

* Experimental values.
® Theoretical values.

¢ Compressive strain.
94 Tensile strain.

Alm, Bun g1m=0.9A/¢ cos g, where A is the wavelength of
the X-rays used, ¢ is the film thickness, and 63 is the Bragg
angle for diffraction [33]. For the complete overlap of the
rocking curves from the film and substrate, the FWHM for
the film, Bg, Was obtained by deconvolution and assuming
a Gaussian distribution (i.e. Baim=v (Bim+ subscate —
B2 bstrate) » Beubsirate Was measured before the film was depos-
ited. It was assumed that no damage propagated to the sub-
strate during deposition, and this was also confirmed by the
X-ray topographic measurements.

Defects such as dislocations are usually generated at the
interface between the film and substrate and may diminish at
a distance away from the substrate. Thus, in epitaxial films,
the defect concentration is a strong function of thickness. As
the thickness increases the dislocation density decreases since
the X-ray measurement technique averages the dislocation
density throughout the entire thickness. The dislocation den-
sity of the SiC films grown on Si(111) is of the order of
10'°/cm?, with the film grown at 800 °C having the highest

Table 3
FWHM and the dislocation density of the SiC thin films and substrates

dislocation density (5.5 X 10'°/cm?) since that is the thinnest
film (0.05 wm). However, the dislocation density of the film
grown on Si(001) is higher than that grown on Si(111) of
comparable thickness (Table 3). For the film grown at the
Cree Research Center, the dislocation density is only
9.83 % 10%/cm? and the film thickness is 6.0 pm.

A very significant reduction in dislocation density was
achieved for the 3C-SiC films grown on 6H-SiC (0001) at
all temperatures (Table 3). These films exhibited dislocation
densities in the range 10°-107/cm?, with the lowest value in
the film grown at 900 °C. The dislocation density in the film
grown at 900 °C ( ~5X 10°/cm?) is even lower than that in
the substrate ( ~2 X 10%/cm?). The FWHM of the combined
rocking curve from the film and substrate for the sample
grown at 900 °C was only 16.93 arcsec, which was only
slightly larger than the FWHM of the rocking curve from the
as-received substrate (~15.5 arcsec). Thus, the rocking
curve was slightly broadened by the presence of the film. The
deconvoluted FWHM from the film at 900 °C is only 6.73

Sample FWHM (arcsec) Dislocation density (per cm?)
Subs. Subs. & filmcombined® Film Subs. Film

SiC/8i(111) @ 900 °C 19.75 1692.57 4.28%10¢ 3.14 X101
SiC/8i(111) @ 800 °C 14.10 2256.76 2,18 X108 5.50x10%°
SiC/Si(111) @ 700 °C 22,57 1805.41 5.67%108 3.40%10%°
SiC/Si(001) @ 900 °C 28.21 6036.8 8.73 X 10° 406X 10"
SiC/8i(001) (Cree Research) 56.42 299.00 226 %107 9.83x 108
SiC/6H-SiC(0001) @ 1100 °C 15.5 25.39° 4.28 X106 7.14 X 108
SiC/6H-SiC(0001) @ 1000 °C 155 3345 29.64 2.64 %108 9.51X10°
SiC/6H-SiC(0001) @ 900 °C 155 16.90 6.73 2.64 %108 5.01%10°
SiC/6H-SiC(0001) @ 800 °C 155 59.24 57.17 2.64 X108 3.58 %107

2 In the case of complete overlapping of the rocking curves from the film and substrate, a deconvolution technique was used to obtain the FWHM of the rocking
curve from the film; see text.
b The FWHM of the rocking curve for the (111) reflection was considered; see Fig. 1(c).
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Fig. 3. Double crystal X-ray topographs from the SiC thin film on Si (001),
[113] reflection. Dislocation loops (A) in interconnecting channels are
clearly visible.

arcsec. The thicknesses of all the SiC films on 6H-SiC were
in the range 0.60-1.0 pm. Thus 900 °C may be the optimum
temperature for growing SiC films on 6H-SiC with SCB.

It should also be pointed out that these films were grown
on as-received, on-axis 6H substrates, without an epilayer. It
is expected that epitaxial growth with SCB at these low tem-
peratures on substrates whose polishing damage layer is
removed (or with a buffer layer present) will produce SiC
films with even better characteristics.

The rocking curve peaks from both the Si and SiC sub-
strates were not broadened at all, indicating that very little
damage was developed in the substrate during the film dep-
osition. The elimination of defects with high-temperature
processing could be attributed to the reduction in the growth
temperature.

Fig. 3 shows the X-ray double crystal topograph of 3C-
SiC grown on Si(001) at the Cree Research center. Dislo-
cation loops at the interconnecting channels are clearly
visible. X-ray topographs of the 3C-SiC grown at 900 °C are
shown in Fig. 4(a,b). Linear defects associated with dislo-
cations and stacking faults can be seen in these topographs,
as well as inclusions, which are believed to be the solute
material attracted to the defect strain field [34]. The black
and white contrast associated with the strain field is also
clearly visible. Fig. 4(b) was obtained by rotating the sample
by 60° around the axis normal to the sample surface. In addi-
tion to the linear and inclusion-type defects, the presence of
double positioning boundaries [35], separating the two types
of stacking sequences on either of the two possible carbon
sites that are rotated 60° in relation to each other is clearly
visible in these two figures.

4. Conclusions

3C-SiC thin films have been grown on 6H-SiC(0001)
using cyclic organosilane precursor SCB. The films were

® 1,898 mm
Fig. 4. Double crystal X-ray topograph of the 3C-SiC thin film grown on
6H-SiC (0001) substrate at 900 °C, {224] reflection. (a) Before rotation,
and (b) after 60° rotation around the {1117 axis, showing (A) DPB, (B)
linear defects and (C) inclusions.

characterized using X-ray double crystal diffractometry and
X-ray double crystal topographic methods. Epitaxial films
were obtained at growth temperatures as low as 800 °C. The
optimum growth temperature appeared to be around 900 °C,
resulting in films with dislocation densities nearly the same

as that of the substrate. The present study also included SiC

films grown on Si for comparison. The dislocation densities
in SiC films of comparable thickness on Si (i.e. SiC/S1(001)
grown at 900 °C, film thickness 1.50 wm), were 10* times
higher than those in SiC films on 6H-SiC (i.e. SiC/6H-
SiC(0001) grown at 900 °C, film thickness 1.0 wm). These
results indicate that the use of SCB precursor for the growth
of 3C-SiC on 6H-SiC is very promising for low-temperature
deposition of crystalline films with low defect densities.
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