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ABSTRACT: By a vapor-liquid—solid (VLS) mechanism, where a &8i melt is fed by propane, 3C-SiC layers ofL..4 um

thickness were grown on 6H-SiC on-axis substrates. These layers were found to be single domain as seen from morphological and
electron backscattering diffraction observations. They were free of any hexagonal inclusion. Both transmission electron microscopy
and high-resolution X-ray diffraction show the high crystalline quality of the grown material. Nitrogen was found to be the main
impurity, at a concentration of (67) x 10" cm~2 as estimated by Raman spectroscopy, though Al contamination was also detected

by low-temperature photoluminescence. The identification and the quantification of Ge incorporation inside the SiC layers were
determined by particle-induced X-ray emission (PIXE). The Ge concentration was calculated to b&'%atoms/cra.

Introduction SiC contains a high density of DPBsXie et al. pointed out

the importance of in situ surface preparation of the commercial
substrate before CVD growth for DPB density reductidn.

was also suggested that low defect density 3C-SiC layers are
difficult to achieve because it may compete with the formation
of homoepitaxial layers by step-controlled epitaxy. An interest-
ing approach was proposed by Neudeck et al., in whichx0.2

0.2 mn? mesas were used to produce step-free surfaces and to
locally grow 3C-SiC material without DPBYHowever, the local
presence of screw dislocations reduces the yield of fabrication
of these step-free mesas. Furthermore, growth of homogeneous
3C-SiC layers on the whole substrate surface would be more
suited for further uses such as device processing or even as seed
for bulk growth.

Silicon carbide (SiC) is a suitable semiconductor material for
high-temperature, high-power, and high-frequency electronic
devices, because of its wide band gap, high electron mobility
and high electron saturation velocity. Among the long list of
SiC polytypes identified, large area commercially available
wafers are mainly of the 6H and 4H polytypes. The only cubic
phase, noted 3C ¢, has specific advantages over the hexagonal
forms, which make it desirable for device applications. For
instance, 3C-SiC might help increase the channel mobility of a
metal oxide semiconductor (MOSBIC device! Its smaller
band gap may also reduce the electric field strength required to
achieve channel inversion.

A 3C-SIC crystal can be grown on a Si subsrate by chemical Beside these well-known techniques (CVD and sublimation),

vapor deposition (CVD}.But major problems are encountered new growth approaches may also bring innovating results. For

in this heteroepitaxial system such as the large lattice mismatChinstance continuous feed physical vapor transport (CF-PVT)
of 20% and the difference in the thermal expansion coefficients . ' . pRysI¢ P P . '
which uses basically a sublimation chamber fed continuously

of 8% between SiC'and Si. Recently, Nagasawf':\ etal. developedby precursor gases, has already produced:40@hick single-
100 mm free-standing 3C-SiC(100) crystals with good crystal- domain 3C-SiC ma,terial over a 30 mm diametetowever

linity using undulant .S' substrate and high QFOWFh rétes. CF-PVT is a high-temperature process where the fine control
3C-SIC(111) material can also be heteroepitaxially grown on of the initial nucleation is difficult. Furthermore, this high
6H-SiC(0001) on axis substrate either by CM@ by sublima- " L Y
temperature may favor the generation of stacking fault since

tion5 In that heteroepitaxial system, the lattice and thermal . ; .
. - ... the energy of formation of this defect was found to be negative
mismatch between the seed and the layer is almost negligible,. - 0
in 3C-SiC polytypé!

so higher quality layers are expected to be obtained. However, . .
gher quatiy fay D The only references to 3C-SiC formation from the melt on

another type of defect, called double positioning boundar . ;
(DPB) fo?lr[r)ws in these 3C-SiC IayeLrjs dug ,[ol :f 6I0tgtionuof Y 4-SiC substrate can be found in works of Tanaka ét&But

the initial 3C stacking on the (0001) hexagonal plane, each in tha_t case, the growth technique was not standard since the
orientation having equivalent probability of nucleation. If Al—Si-based melts were fed with propane at 1000to grow

: ; I~ : the SiC layers. It can thus be considered as a vapolid—
nappropriate conditions are used, the 3C-SiC layers on 6H- "~ . . .
nappropri . . ! Y liquid (VLS) mechanism. These 3C-SiC grown layers were

obviously not single domain because they displayed triangular

* Corresponding author. E-mail: maher.soueidan@univ-lyonl.fr. Tel:

133472 43 82 31. Faxi-33 4 72 44 06 18. features with 60 rotation. Using a VLS mechanism in G&i
; UniversiteClaude Bernard Lyon 1. melts, some of the present authors have already demonstrated
5&?@?3?;%%2”:5'% nge’;%scs‘;?;’;‘i'lfis'on‘c'\”?s- the possibility to obtain large area 3C-SiC single-domain
uUniversifeMompeﬂier 2 ' Iayers?3 Characterizations of these layers are presented here
'INPGrenoble-CNRS. using a wide spectrum of techniques.
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Experimental Section

The experiments were carried out in homemade epitaxy equipment
working at atmospheric pressure. For further details on the experimental
set up, one can see refs 13 and 14. Briefly, the 6H-SiC(0001) on-axis
Si face seeds were placed at the bottom of a graphite crucible. Si and
Ge pieces were then stacked on top of the seed and heated under purified
Ar up to 1206-1450°C in order to form a liquid containing 25 atom
% Si. Propane was added at high temperature to start SiC growth by
the VLS mechanism. Before cooling at the end of the experiment, the
liquid was sucked out, leaving some small traces of remaining alloy,
which were eliminated by wet chemical etching in HEIF—HNO;
solution.

The grown layers were characterized by different means. For
morphological observation, Nomarski optical microscopy was sufficient
because the layers are highly step bunched. Complementary information
was obtained using electron backscattering diffraction (EBSD) for
surface mapping of the grown polytype, with the possibility of
separating areas with different orientation such as on each side of a
DPB2>%6 This imaging was performed with a TSL (TexSEM Lab.)
system installed on a JEOL 840A scanning electron microscope with
the Orientation Imaging Microscopy software.

The 3C-SiC single-domain layers were also characterized by different
optical techniques. Polytype identification was routinely performed by
micro-Raman spectroscopy using an Ar laser bean¥(488 nm)
focused to obtain a spot of few square micrometers. Though a confocal
configuration was used, contribution from the substrate was difficult
to eliminate completely. Doping information can also be extracted from
these Raman spectra as described later. Photoluminescence measure-
ments were carried out at low temperature (5 K) in a closed He-cycle
cryostat using the 350 nm line of an argon ion laser as excitation source
(laser power up to 200 mW) and a 0.6 m spectrometer equipped with
a photomultiplier tube detector. Infrared reflectivity spectra were taken
in a vacuum at room temperature in the 40®00 cnt! frequency
range using a Bruker IFS 66V spectrometer. A KBr beam splitter and
a DTGS detector with a resolution of less than I"¢mere used. The
light was nonpolarized and at near-normal incidence. The obtained
reflectivity was compared with that of a gold-coated mirror with an
assumed reflectance of 0.98.

Structural investigations were carried out by high-resolution X-ray
diffraction (HRXRD) measurements and transmission electron micros-

copy (TEM) observations. The former technique was performed in a ;o< indicate the step front orientation. The triangles indicate the tips

Philips high-resolution diffractometer with Cuktadiation and aspot g jentation of the step front and illustrate the local orientation of the
size of 0.8x 0.8 mnt. The sample was positioned in an Eulerian cradle, 3C-SiC layer.

where position optimization of the scattering vector was facilitated by
independent variation of the incident angte @nd the diffraction angle

Figure 1. (a, b) Two main kinds of surface morphology observed on
single-domain 3C-SiC layers grown by VLS in-86e melt and (c)
morphology of a two-domain layer on each side of a DPB. The dashed

(26). A double monochromator was used with a resolutior<6f01°. S0 N[ e e
{(,H]I, '| Simulation

The cross-section TEM was performed on a JEM 100CX instrument |

operating at 100 keV. The samples were prepared in an ion milling 789 | \ 974 @)

instrument equipped with a liquid nitrogen cold trap and operated at a 796 (3C) | / \

gun voltage of 4 kV with an incident angle of.%Prior to milling, the 767 |

samples were mechanically thinned down to20. Epilazirs ](\ o T
Elementary analyses were performed using a particle-induced X-ray il

emission (PIXE) technique in order to detect Ge incorporation inside TO LO

the layer. This technique is multielemental, nondestructive, and sensitive ]

with a limit of detection down to the ppm levElThe 1.7 MV tandem Bubsrete L

accelerator of the Lebanese Atomic Energy Commiséioas used to

deliver a proton beam of 1 MeV energy on the samples with 235

of fluence. This fluence was enough to have less than 5% of statistical

error in the measured peak area for Ge. To attenuate the high count

rate of the Si signal, emitted from both the substrate and the film, a

Kapton filter of 260um thickness was used as X-ray absorber and

placed in front of the Si(Li) X-ray detector. The X-ray spectra were,

in off-line mode, analyzed with the GUPIX computer cdfelhis

allows quantification of the Ge content in the layer.
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Figure 2. Micro-Raman spectra collected on a 6H-SiC substrate and
a single-domain 3C-SiC epilayer. The spectrum at the LO mode position
was simulated to extract the doping level.

(see ref 13 for illustration). The grown material is thus single

domain, that is, without any DPBs. It is, in fact, very easy to

detect and locate the DPBs inside the layers by simply observing
Typical surface morphologies of layers grown by VLS are the morphology. Indeed, on each side of this defect, the tips of

shown in Figure 1a,b. Micro-Raman spectroscopy performed the step front show evidence of Gtation as shown in Figure

on such layers displayed a strong TO peak at 796'¢cmhich lc. This is due to a 60rotation of the 3C-SiC material, which

is the fingerprint of the 3C-SiC polytype (Figure 2). EBSD modifies the step faceting. As a consequence, the simple

orientation and phase mapping confirmed the absence of eitherobservation of the surface morphology is sufficient to determine

other polytype inclusions or areas with°6@tated orientation whether the layer is single domain.

Results and Discussion



2600 Crystal Growth & Design, Vol. 6, No. 11, 2006 Soueidan et al.

b 10000 -
-~ EI 3C-SiC S
= 1
S 1 Al-N DAP
iy ) 1000
w2
: o
3 .
E g Bremsstruhlung
;J. . 8 100 background 5
= N-BE o]
6H-SiC
- 10 9
400 500 600 700 800 900 il j
Wavelength (nm)
1 T T T T . ,
2 4 6 8 10 12
Energy (keV)
’; Figure 4. PIXE spectrum of the SiC (Ge)/SiC using 1 MeV energy
o of proton beam with 24xC of fluence.
N’
£ .
w»
=
£ 00012
k= e 6H
= =
A &
3C-SiC reference 2
‘2 | 222
T T T T T T T 1 : 3C
500 510 520 530 540 S50 560 570 580 *2 i
Wavelength (nm) =
Figure 3. LTPL spectrum collectedt® K on a3C-SiC single-domain
layer grown by VLS in this work: (a) complete spectrum and (b) zoom ' ' : ' ' . ' '
on the N-BE bands compared with the one of a reference 3C-SiC bulk 374 376 378 38.0 382
sample.
o (°)

Raman SDECtrqSCOpy was also used to e.\{aluate the dOpmq:igure 5. HRXRD spectrum of a 3C-SiC single-domain layer grown
level of the 3C-SiC layers. Indeed, the position and shape of | "oy sic by VLS in Si-Ge melt.

the LO peak is known to be n-type doping dependent, allowing
quantitative calibratioR? On our layers, the 3C-SiC LO peak  from identical surface contamination or from the growth system
was shifted from 972 crt (low doped material) to 974 cm (the liquid or the crucible). Assuming a contamination during
and its full width at half-maximum (FWHM) was 10 crh(see growth, the concentration inside the 3C-SiC layer was found
Figure 2). With these values, the residual n-type doping was to be 234 2 ppm for Fe, 17 2 ppm for Cu, and 76 3 ppm
estimated to be (67) x 10" cm3. The source of this doping  for Zn. Investigations are underway to check the exact origin
may be the nitrogen impurity present in the gases (30 ppm for of these elements.
propane and 10 ppm for Ar). Coming back to the N-BE bands, a zoom on this spectral
This nitrogen doping was also detected by low-temperature zone displayed in Figure 3b shows that these peaks are
photoluminescence (LTPL) (Figure 3a). 3C-SiC related emission broadened and shifted toward lower energy compared with bulk
is observed above 500 nm with broad nitrogen bound exciton reference 3C-SiC material. This red shift seems to be constant
(N-BE) bands between 520 and 550 nm. Strong WIdonor— and approximately of 14 meV. Since the doping level deter-
acceptor pair (DAP) transitions are also detected around 620mined by Raman spectroscopy is not sufficient to explain it,
nm. The Al contamination may come from the graphite of the the origin may be different. One can suggest that the Ge content
crucible or more probably from the graphite glue used to fix inside the layer, as determined by PIXE, may affect its optical
the seed at the bottom of the crucible since the raw material properties. Strain due to lattice mismatch between the substrate
used for this glue is not of semiconductor-grade purity. The and the layer can also be considered since this mismatch is not
LTPL spectrum of Figure 3 shows also some small contribution negligible (0.09%). Note that this theoretical strain should be
from the substrate at higher energy. tension. Assuming a tetragonal distortion of the lattice, a tensile
Figure 4 shows the PIXE spectrum of the identically grown strain should involve a red shift of the PL pe&k&his is the
single-domain layer. One can easily see the Ge-related signalscase here. Of course, Ge incorporation and tensile strain can
(K and Kz peaks), far from the huge Bremsstrahlung back- have cumulative effects on the optical properties of the grown
ground. Assuming a layer thickness of Li4n, the Ge layers.
concentration was found to be 0.0235 wt % corresponding to  This small mismatch allows also separation of the XRD
(5 & 0.2) x 10'8 atoms/cm in the SiC layer. Other elements  (0001) and (111) family peaks coming from the substrate and
than Ge were also detected by PIXE, that is, Ca, Fe, Cu, andthe layer, respectively (Figure 5). The FWHM of these peaks,
Zn. While the Ca can be attributed to surface contamination to as obtained from the HRXRD rocking curve taken on a single-
air, after growth, the other metallic elements can either come domain 3C-SiC layer grown in this study, display very similar
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Figure 7. FTIR spectrum of a 3C-SiC layer grown in this study.

nucleation but the mechanism can accept the initial formation
of two domains followed by a rapid lateral overgrowth of the
minority domain by the majority one. The reason for this is
still unknown, but the results are reproducible. A systematic
observation of the step tip rotation compared with the average
step direction may help determine the planes with faster growth
rate and thus the mechanism of domain selection. This work is
in progress.

The FTIR reflectivity spectrum collected from a single-
domain layer shows the strong Restrahlen band of SiC and
several oscillations, which attenuate at high wavenumber values
(Figure 7). These oscillations are due to a slight difference in
refractive index between the substrate and the layer giving rise
to multiple reflections inside the 3C-SiC layer. The thickness
D can then be deduced using the equation

D = 1/(2nAv) Q)
wheren is the ordinary refractive index of the layer (2.54) and
Av is the oscillation period. A thickness of 1.34n was

Figure 6. (a) Cross sectional TEM micrograph of a single-domain obtained, which is very close to the one measured by TEM.

3C-SiC layer. The only defects are some SFs emanating from the 3C/

6H interface. The corresponding diffraction pattern from the 3C-SiC
overgrown is shown in the inset in the left side upper corner. The
superimposed 3C and 6H diffraction patterns taken from the 3C/6H
interface are evident in the inset in the right side corner. (b) Plan view
TEM micrograph taken from the uppermost part of the 3C-SiC film.
The only defects at the surface are SFs. (c) Cross sectional TEM
micrograph taken at the 3C/6H interface. Very thin slabs of DPBs are
evident at the interface.

Conclusion

Single-domain 3C-SiC layers grown by VLS in 68i melt
were characterized by several means. Morphological, optical,
and structural investigations confirmed the high crystalline
quality of this material. Ge was found to incorporate inside the
layers in a non-negligible level. The question is whether this
will affect the electronic properties of the grown material.

values between the substrate and the epilayer, 126.37 and 138.4@|ectrical measurements are under way to check this effect and

arcsec, respectively. This indicates that the crystalline quality
of the 3C-SiC layer is very good, far better than for the layers
grown on Si substrates.

Cross-sectional TEM investigations did not evidence any DPB
inside the layer in the investigated areas (Figure 6). The only
defects found were stacking faults (SFs), which formed at the

to confirm the potential of such layers.
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interface and propagated through the layer. Their density wasProgram and thank the CECOMO of Lyon for the Micro-Raman

estimated to be 4 10° cm™! by plan view TEM (Figure 6b).
These defects form triangular features due to the 3-fold
symmetry of the 3C-SiC crystal along the (111) direction. The
thickness of the 3C-SiC layer was estimated to beuh

Rarely very thin DPBs were observed near and parallel to

the substrate/epilayer interface, as shown in Figure 6. These

DPBs are (111) twins having their twin plane perpendicular to
the [111] direction of growth. No inclined twins were formed
on the other equivaledtl1l} planes. It is obvious from Figure

6 that the single-domain layer completely overgrew these
inclusions. This suggests that the obtaining of a single-domain
layer does not necessarily imply an initial single-domain

measurements.
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