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Abstract

The structure of disordered SiC nanowires was studied by using the three-
dimensional rotation electron diffraction (RED) technique. The streaks shown in
the RED images indicated the stacking faults of the nanowire. High-resolution
transmission electron microscopy imaging was employed to support the results
from the RED data. It suggested that a 2H polytype is most possible for the
nanowires.
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1. Introduction

The last decade witnessed extensive studies on SiC based one-dimensional (1D) nanostructures
due to the remarkable properties of the SiC group: high breakdown electric field, low coefficient
of thermal expansion, high oxidation and corrosion resistance, high specific strength at both
room temperature and elevated temperatures, as well as high thermal conductivity [1-4]. In
particular, SiC nanowires (NWs) are expected to benefit unique application possibilities for
nano-optical/electronic devices in harsh environments [1, 4-12]. Various synthesis routes have
been explored and the growth of NWs governed by the catalyst-assisted vapor—liquid—solid
(VLS) mechanism is predominant [1, 2, 6, 11-14].

It is well known that crystalline SiC forms up to several hundreds of different polytypes.
Among them only five are frequent; three hexagonal (2H, 4H and 6H), one rhombohedral (15R)
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Table 1. Crystallography data for some common polytypes of SiC from ICSD database.

Unit cell parameters

d-spacing (A) of

some visible reflec- ICSD
Polytypes a b c Z Space group Crystal system tions for (7 k [) plane No. Stacking sequence
a-SiC 2H 3.076 3.076 5.048 2 P63mc Hexagonal (010):266(002): 41487 AB
(No.186) 25201 1):2.35
4H 3.073 3.073 10.053 4 (010):266004): 24170 ABAC
2.51 (0 1 3): 2.08
6H 3.073 3.073 15.079 6 002):753006) 24169 ABCACB
251 (0 15): 199
8H 3.079 3.079 20.146 8 (010):2.66(008): 24630 ABACABCB
251 (0 17):1.95
16H 3.073 3.073 40.208 16 (010):2.660016): 42858 ABCBACABACBCABAC
2.51 (01 15): 1.88
ISR 3.073 3.073 37.7 15 R3m Rhombohedral (0 0 3): 12.56 (0 0 24168 ABCBACABACBCACB
(No.160) 15): 2.51 (0 1
14): 1.89
p-SiC 3C 4358 4358 4358 4 F-43m Cubic (111):251002). 28895 ABC
(No.216) 2.17 (02 2): 1.54
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and one cubic (3C) polytype structures [1, 9, 12, 13]. They differ in unit cell parameters
(especially the ¢ value), space group and stacking sequences, see table 1. Generally, SiC NWs
of a specific polytype grow along a preferred direction (for 2H, 4H and 6H this is along [0001]
while for 3C the direction is [111]) [9, 15].

The commonly used techniques for structural determination include powder x-ray
diffraction (PXRD), Raman spectroscopy and traditional electron crystallography. PXRD is one
of the most used methods for phase composition analysis. It faces, however, difficulties when
dealing with crystals of small sizes and structurally similar polytypes with frequent peak
overlapping. The presence of additional phases might increase peak disturbance, for instance, in
the case of SiC and SizN, mixtures. Raman spectroscopy is an efficient method to determine
chemical bonds of inorganic materials. Two modes, the longitudinal optical (LO) and transverse
optical (TO), can be evaluated to distinguish SiC variants [8, 9, 13, 16]. However, structure
defects such as stacking faults (SFs) and micro-twins, which are often involved during the
growth of SiC NWs, always result in Raman peak shifting and broadening [4, 8, 13]. In
addition, the random stacking sequences of atomic planes could create a local mixture of
polytypes, further leading to the observation of additional peaks in the Raman spectrum [12].
Traditional 2D electron crystallography is effective and has been widely used to identify the
polytypes, defects and growth direction of SiC [17, 18]. Nevertheless, to obtain sufficient data
for identification by conducting a large number of transmission electron microscopy (TEM)
measurements, as well as data analysis later on, is time consuming and requires great expertise
in TEM. The commonly existing SFs often result in streaked diffraction spots, further
interfering with the study of the structure [12].

The recently developed three-dimensional rotation electron diffraction (3D RED)
technique has shown superior advantages for both phase identification and structure
determination of unknown crystals of micro- and even nano-size [19-23]. The basic principle
of RED is to collect 3D electron diffraction data by combining electron beam tilt and
goniometer tilt in TEM [19, 21]. As data acquisition and further processing are automatically
controlled by the RED software package, much more information can be rapidly obtained
within hours down to minutes, compared with hours or days spent by conventional electron
diffraction data in two dimensions. In this work, we demonstrate our attempt to study the
structure of highly disordered SiC NWs by the RED method.

2. Experimental procedure

SizNy powder (grain size dso=0.6 um, purity >96 wt%, containing Fe as catalyst, a
phase >91.5%) with the sintering additives of Swt% Y,0O5; (grain size dso=50nm,
purity > 99.95 wt%) and 5wt% MgO (particle size dso=4.6 um, purity >99.99 wt%) were
used for fabricating the substrate. To prepare the porous substrate, a surfactant-based foaming
process was employed. The starting powders were mixed and ball milled in ethanol for 4 h.
After drying and sieving, the powder mixture was added stepwise to deionized water containing
1 wt% (relative to the powder mixture) dispersing agent polyacrylic acid (PAA, Sigma-Aldrich
Sweden AB, Stockholm, Sweden) under constant stirring. Subsequently, the Si3N4 slurry was
homogenized and dispersed by ball milling for 2 h. The introduction of gas bubbles took place
by adding 50vol% octane (CgH;g, Sigma-Aldrich Sweden AB, Stockholm, Sweden) and
0.22 vol% (with regard to the suspension) nonionic surfactant polysorbate Tween® 80 (VWR
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International Ltd, Bedfordshire, UK) with stirring at 700 rpm for 3 min. Afterwards, pore
evolution was aided by octane droplet evaporation at ambient air for 24 h. The evaporation of
the oil (alkane) phase and concurrent drying (water evaporation) enabled the transition of the
emulsified suspensions into green solid SizNy4 substrate. The 2H SiC nanowires were grown on
the porous SizNy substrate by heat treatment in a modified spark plasma sintering (SPS) set-up
(Dr Sinter 2050, Sumitomo Coal Mining Co., Tokyo, Japan) under vacuum. The green substrate
was loaded in a covered cylindrical graphite crucible with an inner diameter of 50 mm and outer
diameter of 70 mm, protected by a SizN, powder bed and isolated by graphite felts. The
temperature was automatically raised to 600 °C over a period of 5 min, and from there onwards
it was monitored and regulated by an optical pyrometer focused on the wall centrally inside the
crucible through a hole of ~5mm in diameter. The substrate was heated to 1500 °C with a
heating rate of 50°C min™' and maintained for 10 min. Then the temperature was increased
1600 °C at 50 °C min™" and was finally held for 3 min.

For structural study of the NWs, the sample was crushed into powder and dispersed in
absolute ethanol with ultrasonification for 5 min. A droplet of the suspension was transferred
onto a copper grid. HRTEM/SAED/EDX and RED were carried out on a Schottky-type field
emission transmission electron microscope (TEM, JEM-2100F, JEOL Ltd, Tokyo, Japan) and a
LaB¢ based transmission electron microscope (TEM, JEM-2100, JEOL Ltd, Tokyo, Japan)
operated at 200kV using a double-tilt tomography sample holder, respectively. The 3D RED
data were collected from one selected SiC NW at the tilt range of —32 ~ +41° with a tilt step of
0.5°. 1s per ED pattern was used for exposure and >180 SAED patterns could be collected in
~30min. Both data aquisition and processing were automatically controlled by the RED
software package.

3. Results and discussion

The geometrical structure and the energy-dispersive x-ray spectroscopy (EDX) compositions
within the examined NWs specimen are illustrated in figure 1. As seen, the diameter of the NW
is ~200 nm and it possesses a tip-body structure with the presence of a semispherical cap at the
top. The EDX analysis result inserted suggests that the chemical composition of the tip is
SiFe| 5, and that the fiber body is pure SiC. The Cu signal in the EDX spectra came from a
supporting grid. These observations confirm that the growth of SiC NWs follows the vapor—
liquid—solid (VLS) mechanism with the aid of Fe catalysis [1, 2, 6, 11-13].

In order to study the disordered structure of the SiC NWs, the RED technique was
employed [21]. The general procedure is described below (see figure 2): after a routine
alignment of the microscope and adjusting the eucentric height of the crystal, RED data was
collected using the RED data collection software. Two tilt modes, namely beam tilt (BT) and
goniometer tilt (GT), were combined together in the data collection [21]. BTs were recorded
with a fine angle step length (0.2°) while GTs used a coarser step length (2°) along a common
tilt axis. Thus, the final RED data contained >180 frames and covered a tilt range from —32° to
+41°. The subsequent data processing was done by the RED data processing software,
including shift correction of the ED frames, peak identification from observed diffraction spots
in individual ED frames and reconstruction of the 3D reciprocal space. The reconstructed
reciprocal space was examined using the visualizer included in the software.
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Figure 1. TEM image of one selected SiC NW. The NW has a tip-body structure. The
insets are EDX spectra, revealing that the composition of the tip and body is SiFe; »»
and SiC, respectively.
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Figure 2. Schematic representation of the concept of the RED method and the procedure
for structure determination.

The RED results are summarized in figures 3(a)—(c). The TEM area containing the selected
NW for data collection is shown as an inset in figure 3(a). The 2D projections of the
reconstructed 3D ED patterns along two directions which are perpendicular to each other are
shown in figures 2(a) and (b), respectively. It can be seen from figure 3(a) that there are diffuse
lines in the 3D electron diffraction data, indicating stacking disorder. A hexagonal lattice is
observed in figure 3(b). The length value of a* and b* (in reciprocal space) were measured to be
0.38 A™!, and the angle between them is ~60°. These facts are consistent with the electron
diffraction pattern from the Si-C layer that builds up all the different polytypes of SiC. The
diffuse lines seen in figure 3(a) can be explained by the stacking disorder of this Si-C layer. In
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Figure 3. Results from RED data collected from the selected SiC NW: (a) a 2D
projection of the reconstructed 3D ED pattern, showing diffuse lines and a central line
of sharp reflection spots. The pink dash lines represent the areas for diffraction spots of
a 2H SiC polytype, while the green lines indicate the diffraction spots of a 4H (or 8H,
16H...) SiC polytype. The inset is a TEM image of the selected NW for data collection
where the area marked with red circle was measured. (b) a 2D projection of the
reconstructed 3D ED pattern along the diffuse lines. (c) a 2D slice cut from the
reconstructed 3D reciprocal lattice, showing the sharp reflection spots on the central
line. The smallest scale of the white lattice is 0.1 A™".

order to identify the polytype of the SiC NW, we need to determine the periodicity of the Si-C
stacking. Figure 3(c) shows the 2D slice cut from the reconstructed 3D reciprocal lattice. We
can see that the central line of reflections contains sharp reflections while all the other lines are
diffuse. The sharp reflections correspond to lattice planes with a d-spacing of ~2.53 A, which
matches the d-spacings of the Si-C layers in all SiC polytypes. Reflections corresponding to a
layer distance of multiples of 2.53 A were observed, revealing that the polytype of this NW is
either 3C or 2"H as otherwise we would have observed reflections with d-spacings of multiples
of 2.53A.

In order to distinguish the most probable polytypes among 3C and the 2"H group, we need
to examine reflections other than those located on the central line from figure 3(a). Polytypes of
3C and 2"H are built by stacking the Si-C layer with a periodicity of 3 or 2". As a result, the first
reflection (closest to the 000 reflection) on the central line will be 003 or 002", and there will be
reflections with indices hkl, hk2, hk3..., up to hk2", which form layers perpendicular to the
stacking direction. In the present case, although the serious stacking disorder made the
reflection diffuse, it was observable that the diffuse intensities are higher at certain positions on
the diffuse lines, as indicated by the pink dash lines in figure 3(a). These correspond to the Akl
(line 1) and hk2 (line 2) reflections of polytype 2H. The green lines in figure 3(a) mark the
positions that would correspond to the /43 reflections of the 4H polytype. The absence of higher
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Figure 4. HRTEM image of a SiC NW showing the stacking sequence. The top-right
inset is its FFT pattern. The diffuse reflections indicate a disordered structure. The top-
left inset is the enlarged HRTEM image with markings of the stacking of the 2H
polytype with SFs. The growth direction of the NW is along [0001] axis.

diffuse intensities at this line, and also at other positions, indicates that the polytype of the NW
can neither be 4H nor others. On this account, the most possible polytype of the SiC NWs
without disorder is the 2H member with space group P63mc (ICSD No. 41487).

For confirmation, HRTEM was performed and the image is shown in figure 4. It was taken
from a small fraction of the same area used for the RED evaluation. The top-right inset displays
the corresponding fast Fourier transformed (FFT) diffraction pattern. The streaks imply again
disordered polytype structures of the observed NW. An enlarged HRTEM image of the SiC
NW, overlaid by a two-dimensional projected atomic structural model, is displayed as the top-
left inset. In the HRTEM image, the stacking order can be determined by following the stacking
of the white dots. It reveals that the dominating stacking sequence is ... ABABAB..., with the
SFs distributing in a random order like ...ABABABABACA.... Here, A and B represent two
basic structure modules of tetrahedral bilayers in SiC, while C suggests the SFs [24]. The
distance between stacking periods is ~5.12 A, which is coherent with the ¢ value of 2H SiC (see
table 1). The HRTEM image taken from this small area shows only local configuration of the
stacking, while RED was performed in a much larger area and provided information concerning
the overall structure.

4. Conclusion

In summary, the 3D RED technique was employed to study the polytype of SiC NWs grown on
a porous Si3Ny substrate. The 2H type, with highly stacking faults, was most possible according
to the obtained 3D RED data. The RED technique is promising for investigating the disordered
SiC polytypes as it provides 3D data.
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