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Role of catalyst in controlling the growth and
morphology of one-dimensional SiC
nanostructuresy

Lei Zhang,®® Hao Zhuang,® Chun-Lin Jia® and Xin Jiang*?

To control the morphologies of one-dimensional (1D) nanostructures, especially during the catalyst-
assisted growth of semiconductor nanostructures, is the key to unlock their potential applications. In this
work, we demonstrate that, the morphology of the 1D silicon carbide (SiC) nanostructures can be con-
trolled by manipulating the composition of the catalyst in the microwave plasma chemical vapor deposition
process. It is revealed that iron silicide presents as the main catalyst to initiate the growth of 1D SiC
nanostructure. High-resolution transmission electron microscopic analysis shows that, the stoichiometry of
the iron silicide governs the final morphology of 1D SiC nanowire. For the growth of SiC nanowires, the
catalyst is FesSis, while it is FesSi for SiC nanoneedles. A special orientation match between the iron silicide
catalyst and the SiC nanowire is observed for the first time during the growth of SiC nanostructures. The
mechanism for the different morphology of the SiC nanostructures is believed to be the different etching
resistivity of the catalyst particles under H, plasma etching. Based on the above mechanism, a continuous
change in the morphology of the SiC nanostructures has been achieved by controlling the supply of Si

Www.rsc.org/crystengcomm during growth.

1. Introduction

One-dimensional (1D) nanostructures have attracted intensive
research attention due to their unique properties and poten-
tial applications in nanoscale devices."> Over the past
decades, catalyst-assisted growth of various 1D semiconductor
nanostructures has been well developed.>® During this time,
it has been an important concern to effectively control the
morphology (i.e., shape, geometry, size, etc.) of the nanostruc-
ture during synthesis, as it could possibly influence the prop-
erties as well as the final performances of the nanostruc-
tures.” In this context, dedicated research efforts have been
paid to understanding their growth mechanism. Growth
models, ie., vapor-liquid-solid (VLS),® vapor-solid-solid
(vSS),” and solid-liquid-solid (SLS),'® etc., have been well
developed to help direct the growth of the nanowires, espe-
cially nanowires of elemental semiconductors. It is widely
accepted that, before the formation of a nanowire, a

“ Institute of Materials Engineering, University of Siegen, Paul-Bonatz-Str. 9-11,
57076 Siegen, Germany. E-mail: xin.jiang@uni-siegen.de; Fax: + 49 271 740 2442;
Tel: +49 271 740 2966

b peter Griinberg Institute and Ernst Ruska-Centre for Microscopy and Spectro-
scopy with Electrons, Forschungszentrum Jiilich GmbH, 52425 Jiilich, Germany

+ Electronic supplementary information (ESI) available: Supplementary TEM
images of the SiC nanowire and nanoneedle, EDS spectra of the catalysts and
AFM images showing the dewetting effect after the H, plasma etching. See DOI:
10.1039/c5ce00865d

7070 | CrysttngComm, 2015, 17, 7070-7078

supersaturated liquid-state (VLS) or solid-state (VSS) catalyst
alloy forms. Precipitation occurs at one side of the catalyst,
which leads to the nucleation and continuous growth of the
nanowire."" Comparing to the VLS growth process, the cata-
lyst, especially its orientation, is more decisive in determining
the growth behavior of the nanowires in the VSS process. For
example, an orientation match in the lattice between the
nanowire and the catalyst has been already observed during
the growth of Si, Ge, ZnO, GaAs, InP, etc. nanowires.****° It
is known that the crystal structure and composition of the
catalyst influence its orientation. Therefore, a binary phase
diagram has been widely referred to while discussing the pos-
sible growth mechanism."”'® Such a growth process, however,
becomes more complicated while concerning the growth of
compound semiconductor (groups III-V, IV-1V, II-VI semicon-
ductors) nanowires, owing to the involvement of multiple pre-
cursors. Even though the importance of the composition and
orientation of the catalyst has been already recognized, how-
ever, their actual influence on the growth behavior of the
nanowires is still under debate and remains unclear." In this
study, using an example of Fe-catalyzed growth of 1D SiC
nanostructures, we demonstrate the impact of crystallographic
structure of the metal alloy catalyst on the growth behavior of
the nanostructures. Consequently, SiC nanowires and SiC
nanoneedles are obtained by varying the composition of the
catalyst. A special orientation match between the catalyst and
the nanowire is observed. It should be noticed that, though
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intensive researches have been already carried out in the syn-
thesis of SiC nanowires with different morphologies,**>> and
there were also some works about controlling the morphol-
ogies of the SiC nanostructures achieved by tuning the pres-
sure of the source species® or the growth temperature,®”>®
this is the first direct observation of the orientation depen-
dence between the SiC nanowire and the catalyst. Here, we
choose SiC also because of its great technological importance.
It is an important member in the group IV-IV wide band gap
semiconductors®>*® and is believed to be a promising candi-
date for next generation of nano-electrical and optical devices,
which could operate in the high temperatures, high power,
and high frequency environments.*'

2. Experimental section

In our previous investigations,® SiC nanocables were
obtained in the microwave plasma chemical vapor deposition
(MWCVD) process using SiO, plate as silicon source and CH,
as carbon source, respectively. Following the same strategy,
in the present study, Fe coated p-type (001) Si wafer was used
as the substrate and SiO, plate was placed beside the wafer
serving as the Si source in the MWCVD process. The iron film
was sputtered on the Si wafer by a sputter coater (Polaron
SC500). The sputtering was carried out at a current of 30 mA
for 4 min. The Si substrate was used as received. The native
oxide is not removed from the substrate. The thickness of the
metal layer is 2-5 nm. The growth of the nanostructures was
carried out at a constant gas pressure of 50 Torr and a micro-
wave power of 2000 W. H, and CH, were used as the reactive

Fig. 1
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gases for the deposition. During growth, pure hydrogen
plasma etching was firstly carried out at 800-900 °C for 10
min. Afterwards, 5.5 sccm of CH, was introduced into the
chamber for the growth of the SiC nanostructures and the
total growth time was 6 hours. The substrate temperature
was measured by an optical pyrometer to be 800-900 °C. The
morphology of the as-grown materials was investigated by
scanning electron microscope (SEM) (Zeiss Ultra 55). In order
to obtain the structural information of the catalyst, the SiC
nanostructures were then removed from the substrate and
put on a holy carbon coated copper grid for further character-
ization by transmission electron microscope (TEM) (FEI
Tecnai G2 F20 and FEI Titan 80-300). Since the size and
amount of the nanostructures are too small, it is almost
impossible to obtain the information about them using X-ray
diffraction (XRD) and Fourier transform infrared spectro-
scopy (FTIR) technique. In this context, we didn't include the
XRD and FTIR results in the manuscript. Moreover, high-
resolution TEM (HRTEM) images as well as the correspond-
ing fast Fourier transformation (FFT) pattern focuses on a
smaller area of the catalyst, which, we believe, is accurate
and sufficient to address the crystallographic information of
the catalyst. Therefore, we mainly focus on the HRTEM analy-
sis of our catalyst.

3. Results and discussion

Fig. 1(a) represents the SEM image of the typical overall
morphology of the SiC nanostructures. It can be seen that
dense nanostructures with a length of several micrometers

(a-c) SEM images of the SiC nanostructures: (a) over-view image, (b) high magnification image showing SiC nanowires, and (c) high magnifi-

cation image showing SiC nanoneedles; (d-f) TEM images of the SiC nanostructures: (d) nanowire, (e) nanoneedle, (f) HRTEM image of structural

variety of SiC and planar defects in a nanostructure.

This journal is © The Royal Society of Chemistry 2015
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have been obtained. The high magnification SEM image
shown in Fig. 1(b) reveals that both straight and curved nano-
wires present and are randomly distributed. In addition to
the nanowires, nanoneedles are also observed (Fig. 1(c)) with
a lower density in comparison with the nanowires. In order
to obtain more detailed structural information of the nano-
wires and nanoneedles, TEM analysis was carried out and the
results are shown in Fig. 1(d-f). Fig. 1(d) presents the overall
morphology of a SiC nanowire. It can be observed that
the nanowire features a length of ~3 um and a diameter of
~70 nm. Its diameter is almost constant along the length.
Such a morphology matches well with the SiC nanowires
observed in Fig. 1(b). Apparently, shorter and thinner nano-
wire also exists, as shown in Fig. S1(a) in ESLj For all the
nanowires observed, a cylindrical catalyst locates at the tip
of the nanowires, indicating the nanowires have a tip-growth
2024 1t is also noteworthy that the diameter of the cat-
alyst is slightly larger than that of the nanowire (this is more
apparent in the following TEM images, see Fig. 2). Fig. 1(e)
shows the typical morphology of a SiC nanoneedle, whose
length is ~700 nm. It is much shorter than the ones observed
in Fig. 1(c). This might be due to the unavoidable rupture of
the nanoneedles during the sample preparation process (i.e.
high energy sonication). It can be observed that the diameter
of the nanoneedle decreases significantly from ~30 nm at the
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bottom to ~6 nm at the tip. A spherical catalyst particle is
also observed at the tip, showing the tip-growth nature, too.
In addition to the straight nanoneedles, slightly curved nano-
needles can also be found (see Fig. S1(b) in ESI{). Moreover,
stripe-patterns of diffraction contrast are clearly observable
in both of the nanowires and nanoneedles (Fig. S1t), indicat-
ing the existence of a high density of planar defects. Fig. 1(f)
shows the HRTEM image of one nanowire. Perpendicular to
the longitudinal axial direction (the growth direction of the
SiC nanowire), the lattice spacing is measured to be 0.252
nm, which agrees well with the interplanar spacing of the
close-packed planes in SiC (i.e., {111} planes in 3C-SiC (ICDD
PDF# 29-1129) or {0001} planes in the 2H-SiC (ICDD PDF#
29-1130)). Therefore, the growth direction of the SiC
nanowires is along the normal of the close-packed planes,
which is in good accordance with previously reported
results.*»**3%%8 Since the growth of the nanowire is a layer-by-
layer stacking of the close-packed planes, according to differ-
ent atomic stacking sequences, 3C-SiC (ABCABC...) and 2H-
SiC (ABAB...) segments were formed, which are marked as
“3C” and “2H” in Fig. 1(f), respectively. Here, A, B, C repre-
sents the three possible stacking positions for the close-
packed planes. Meanwhile, when some disordered stacking
sequence occurs, nanotwins (marked as “T”) and stacking
faults (marked as “SF”) were thus observed in the SiC

Fig. 2 (a, b) HRTEM images of the catalyst of the SiC nanowires, and (c, d) HRTEM images of the catalyst of the SiC nanoneedles.
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nanowires. These planar defects are also observed in the SiC
nanowires fabricated using other strategies owing to their low
formation energy.>*>'%*

From the above observation, it is clear that both nano-
wires and nanoneedles show a tip-growth nature. Since both
of these nanostructures grow simultaneously, their growth
atmosphere should be identical. Therefore, it is reasonable to
expect that the driving force in the different morphologies of
these nanostructures lay in the differences in catalysts. In
this context, HRTEM analysis of the catalyst was carried out
and the results are shown in Fig. 2. Fig. 2(a) and (b) show the
HRTEM images of the catalysts of two nanowires with differ-
ent diameters. FFT of Fig. 2(a) (see inset) depicts the typical
lattice fringes of single crystalline Fes;Si; (ICDD PDF# 38-
0438), indicating the composition of catalyst is Fe;Si;. Even
though different diameters of the catalysts are observed (~60
nm for Fig. 2(a) and ~13 nm for Fig. 2(b)), the catalysts show
the same crystal structure with lattice fringe spacing of 0.235
nm, which agrees with the interplanar spacing of FesSi;
{0002} planes. Moreover, energy-dispersive X-ray spectroscopy
(EDS) result also confirms the presence of Fe and Si in the
catalyst particle (see Fig. S2 in ESI}). Fig. 2(c) and (d) show
the HRTEM images of the catalysts at the tip of two SiC nano-
needles with different sizes. The two catalyst crystals show spher-
ical shape with diameters of ~15 nm and ~10 nm, respectively.

Fig. 3

This journal is © The Royal Society of Chemistry 2015
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The EDS result indicates the co-existence of Fe and Si in the cata-
lyst (see Fig. S2 in ESIf). The lattice fringes of both catalysts
match well with the interplanar distance of the {220} planes of
Fe;Si crystal (ICDD PDF# 45-1207), indicating the composition of
the catalyst is Fe;Si. This is further confirmed by the FFT pattern
of Fig. 2(c) (shown in the inset), which clearly depicts the lattice
fringes of single crystalline Fe;Si.

It is also clearly seen from Fig. 2(b) and (d) that certain
orientation dependence between the catalyst and the nano-
structure exists. The close-packed planes of the SiC nano-
structures ({111} planes of 3C-SiC crystal or {0001} planes of
the 2H-SiC crystal, both of their interplanar distances are
0.252 nm) are parallel to the {0002} planes of FesSi; for the
nanowires and the {220} planes of Fe;Si for the nanoneedles,
respectively. Such results imply a special crystallographic rela-
tionship between the SiC nanostructures and the catalysts.

To further confirm this, a more detailed investigation at
the interface of the catalyst and the nanowire is carried out.
Fig. 3(a) represents the overall HRTEM image of the interface
between the SiC nanowire and the catalyst. Since only the
(0002) planes of FesSi; are active to catalyze the formation of
the nanowires, other facets might act as the adsorption
facets. Fig. 3(b) shows a magnified image of the framed area.
The yellow lines indicate the (2131) planes of the Fe;Si; crys-
tal and the (111) planes of the 3C-SiC crystal, respectively. It

(2137)==
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(a) and (c) HRTEM images of the interface between the SiC nanowire and the catalyst showing a special crystallographic relationship; (b)
and (d) magnified images of the framed area of the (a) and (c), respectively.

CrysttngComm, 2015, 17, 7070-7078 | 7073
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can be seen that every five Fes;Si; (2131) planes match well
with every four 3C-SiC (111) planes, which is in good accor-
dance with the interplanar distances of the Fe;Si; (2131)
plane (0.200 nm) and the 3C-SiC (111) plane (0.252 nm). The
angle between the (2131) plane and the (0002) plane is calcu-
lated to be 64.9° in Fe;Si; crystal, while the angle between
the (111) plane and the (111) plane is calculated to be 70.5°
in 3C-SiC crystal. Since the (111) plane of the SiC nanowire is
parallel to the (0002) plane of the FesSi; catalyst, the angle
between the 3C-SiC (111) plane and the FesSi; (2131) plane is
about 5.6°, showing a mismatch. During the growth, the
energy accumulated by such a mismatch can be possibly
released by the continuous formation of planar defects, i.e.
stacking faults and twins. As shown by the arrow in Fig. 3(b),
a stacking fault can be readily observed near to the interface
of the nanowire. The above phenomenon is even more obvi-
ous in Fig. 3(d), which is the HRTEM image of another nano-
wire. In this nanowire, a good orientation match between the
(2131) planes of Fes;Si; and (111) planes of 3C-SiC can be
clearly observed. As for the SiC nanoneedles, however, the
direct evidence of such relationship cannot be observed
owing to the quick damage of the interface during the imag-
ing process. However, since the (111) plane of the nano-
needle is also parallel to the (220) plane of the Fe;Si crystal,
it would be reasonable to consider that the nanoneedles
might also exhibit a similar growth relationship to that of the
nanowire.

The above observation indicates that the SiC nanostruc-
tures grow with a special crystallographic relationship with
the catalysts and the morphologies of the nanostructures
(nanowires or nanoneedles) are dependent on the composi-
tion of their catalysts. Therefore, a natural question arises:
what is the mechanism behind the above phenomena? Since
catalyst alloys are formed during the process, the growth of
the SiC nanostructures most likely follows the widely
accepted VLS or VSS mechanism for the growth of various 1D
nanostructures.>”'" Considering that under the present
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deposition condition (substrate temperature of 800-900 °C)
the catalyst alloy is solid according to the Fe-Si phase dia-
gram (see Fig. 4), the VSS growth mechanism plays the role
in the present study. Moreover, a special crystallographic
relationship exists between the catalyst and the nanostruc-
ture. This is also more common in the VSS growth
process,”> ™" which further indicates that the VSS growth
mechanism is applicable in the present study. During the
growth of the nanostructures, quartz (SiO,) was firstly
reduced into gaseous SiO in the reductive atmosphere®**° to
supply Si precursors in the gas phase. At the beginning of the
growth, Fe reacts with SiO to form iron silicide as catalyst
during the H, plasma etching process (10 min). Atomic force
microscopy (AFM) surface topography images shows the
dewetting effect after etching (see Fig. S3 in ESI{). When CH,
is introduced into the growth process, it started to react with
the Si coming from the iron silicide to form the SiC nano-
structure. The reaction prefers to occur on the (0002) plane
of FesSi; and (220) plane of Fe;Si to lower the total system
energy. The orientation relationship between the nanostruc-
ture and the catalyst is thus maintained during growth, as
shown in Fig. 3(b) and (d). When the nanostructure starts to
grow, the Si concentration at the interface will decrease. As a
result, a gradient in the Si concentration will be thus gener-
ated in the catalyst particle. Si started to diffuse from the
area with high concentration to the interfacial area inside the
catalyst to continuously supply the Si species for the growth
of the nanostructures. Such a process leads to a decrease in
the Si concentration in the catalyst. Therefore, the further
dissolution of Si from the gas phase into the catalyst particle
is also triggered (through the non-active facts), leading to the
continuous growth of the SiC nanostructure.

In addition to the orientation matching between the cata-
lyst and the nanowire, it is also interesting to observe the dif-
ferent compositions of the catalysts leading the growth of the
nanowires and nanoneedles. Since the two kinds of catalysts
are both Fe-Si alloys and CH, was introduced into this
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Fig. 4 Binary phase diagram of Fe-Si.**
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reaction, it is necessary to consider the influence of the car-
bon element on the formation of the Fe-Si alloys. Iron-based
alloys have certain solubility towards carbon.*' Unfortunately,
a detailed Fe-Si-C phase diagram in our region is not avail-
able in the literature. Upon a careful observation, we com-
pared the interplanar distances of the catalyst lattices and
FFT patterns with all the structures in ICDD PDF-2 database
containing Fe, Si, and C. Fe;Si; and Fe;Si are the only two
structures that match well with the measurements. Therefore,
we conclude the crystal structure of our catalysts to be FesSi;
and Fe;Si. Moreover, a theoretical study demonstrates that
even C can dissolve into the Fe-Si compounds, it will not
change the crystallographic structure of the compound but
improve their structural stability.** In this context, we believe
our catalysts are Fe;Si; and Fe;Si, and carbon might form
solid solutions in the compounds with certain solubility.
Fe;Si, the catalyst leading to the growth of SiC nano-
needles, is an iron rich phase. As indicated by o, and a, in
the Fe-Si phase diagram, the stoichiometric Fe;Si is thermo-
dynamically the most stable form, even though it has a wide
range of composition change, from 10-25 at% Si.**** In com-
parison with Fe;Si, FesSi; is a Si rich phase according to the
phase diagram. According to Kadeckova et al's investiga-
tion,”> the chemical stability of the iron silicide increases
with increasing Si ratio in the compound. Since the SiC nano-
structures show a tip growth nature in the present study, the
catalyst particles also underwent a strong etching by hydro-
gen plasma during the growth process. The lower chemical
stability of Fe;Si leads to its lower etching resistivity, which
in turn results in its continuous reduction in size with
increasing growth time. Such a fact results in the decrease of
the growth front area of the SiC nanostructures, forming SiC
nanoneedles. In contrast, FesSi; has much higher etching
resistivity, which leads to its nearly unchanged size during
the growth. As a result, SiC nanowire forms. It is also noted
that the bottom size of the nanoneedles and nanowires are
nearly similar (comparing Fig. 1(b) and (c)), indicating that

e e
Bl = -

SiC SiC
nanowre1 ‘nanoneede <:

Fig. 5 Schematic illustration of the growth mechanism.
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the initially formed catalyst compounds are nearly the same
in size. The size of the iron compound is determined by the
initial size of iron particles. The homogeneous coating of
iron onto the substrate before deposition enables a homoge-
nous distribution of the size of iron catalyst on the substrate
surface. The above growth process is summarized and sche-
matically shown in Fig. 5.

From the above discussion, it can be inferred that the
compositions of the catalysts have a drastic influence on the
morphology of the SiC nanostructures in the MWCVD pro-
cess. The lower concentration of Si in the catalyst leads to
the formation of nanoneedles and higher concentration of Si
leads to the formation of nanowires. Such a phenomenon
implies that the morphology of SiC nanostructures can be
controlled by manipulating the supply of Si during the
growth of the SiC nanostructures. Our proposed growth
mechanism was further verified by the following experiment
(Fig. 6(a)). A quartz plate is placed at the side of the iron
coated Si wafer and serves as the Si source. During the pro-
cess, Si containing species were etched from the quartz plate
under hydrogen plasma and travels to the substrate for the
growth of SiC nanostructures. Since the Si containing species
only come from the quartz source, its content in the plasma
decreases with increasing distance from the quartz plate. In
this context, a gradient in the Si concentration is artificially
created with high Si concentration near to the quartz and low
Si concentration far away from the quartz. As a result, a con-
tinuous morphology change in the SiC nanostructures can be
observed with increasing distance from the quartz plate. The
growth of the SiC nanostructures started from the area whose
distance to the quartz source is 3 mm. In the area near to the
quartz (from 3 to 4 mm, Region I as noted in Fig. 6(a)), the
surface of the substrate was covered by a very dense layer of
SiC nanostructures, as shown in Fig. 6(b). Fig. 6(c) and (d)
show the magnified image of these nanostructures. Ran-
domly oriented SiC nanowires and nanoneedles can be
observed and the lengths of these SiC nanowires and

FesSi
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o

H* OO

Y
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Fig. 6 Morphology of the SiC nanostructures depending on the distance of the areas in Si wafer to quartz, (a) schematic geometry of the sample
for experiment, comparing with the original setup, (b) low magnification SEM image of the SiC nanostructures from Region |, (c) and (d) magnified
SEM images of the SiC nanostructures from Region |, (e) low magnification SEM image of the SiC nanostructures from Region I, (f) and (g)
magnified SEM images of the SiC nanostructures from Region I, (h) low magnification SEM image of the SiC nanostructures from Region llI, (i) and

(j) magnified SEM images of the SiC nanostructures from Region IlI.

nanoneedles can reach up to several micrometers. The
amount of the nanowires is obviously higher than that of the
nanoneedles (as marked by the red circles). When the dis-
tance further increases (from 4 to 15 mm, Region II as noted
in Fig. 6(a)), micrometer sized clusters of SiC nanostructures
formed with a shape of dandelion-like “balls”. SiC nanowires

7076 | CrysttngComm, 2015, 17, 7070-7078

and nanoneedles grow radially from the center of the
dandelion-like structures, as shown in Fig. 6(e). Both nano-
wires and nanoneedles co-exist with decreased lengths and
diameters (Fig. 6(f) and (g)). The lengths of the SiC nanowires
and nanoneedles are from several hundred nanometers to ~1
micrometer, which are apparently shorter than those in

This journal is © The Royal Society of Chemistry 2015
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Region I. In this region, the amount of the nanoneedles sig-
nificantly increases in comparison with that in Region I.
Nevertheless, nanowires are still observable and some are
marked by the red circles. Fig. 6(h) shows the morphology of
Region III whose distance to the quartz source is from 15 to
20 mm. The number and the lengths of the SiC nanostruc-
tures further decrease. Some of the surface cannot be fully
covered by the nanostructures and only dispersed SiC nano-
needles exist in these areas, as shown in Fig. 6(i). The other
parts of Region III are covered by micrometer sized clusters
of SiC nanoneedles (see Fig. 6(j)). SiC nanowires were rarely
found in this region and the lengths of the nanoneedles can
only reach up to about 500 nm. Such a phenomenon not only
proves the validity of the proposed growth mechanism, but
also offers the possibility to achieve a relatively good control
over the morphology of the SiC nanostructures in the
MWCVD process.

4. Conclusions

In conclusion, catalyst plays a key role in controlling the
growth and morphology of 1D SiC nanostructures. The cata-
lysts of FesSi; and Fe;Si are found to favor the growth of SiC
nanowires and nanoneedles, respectively. The growth of 1D
SiC nanostructures follows the VSS mechanism and special
crystallographic relation between the SiC nanowire and the
FesSi; catalyst was observed. The morphology of the SiC
nanostructures, especially the lengths and the diameters, was
determined by the composition variation and shape transfor-
mation of the catalyst particles, which was highly dependent
on the Si concentrations. These findings open the door to
controllable synthesis of 1D SiC nanostructures.
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