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Abstract

The formation of carbon nanostructures and silicon carbide (SiC) using a single-source
precursor offers a simplified route for material synthesis; however, the factors governing
the transition between CNT-like structure formation and SiC growth remain unclear. In this
study, the growth behavior of carbon-related structures using vinylsilane was systematically
investigated by hot-wall chemical vapor deposition (CVD) on various substrates, including
Fe bulk substrates and Fe thin films on SiO, /Si. CNT-like structures were preferentially
formed on Fe bulk substrates, whereas Fe thin-film substrates exhibited CNT-like growth at
the initial stage followed by increased Si-C-related phase formation with increasing growth
temperature and growth time. In contrast, on Fe thin films with limited catalyst amounts,
CNT-like growth occurred initially, followed by increased Si—C-related phase formation
with increasing growth temperature and growth time. These observations are consistent
with a growth transition associated with the balance between Si uptake into the metal and
surface SiC formation processes. By controlling catalyst amount, growth temperature, and
growth time, the relative formation of CNT-like structures, SiC-rich coatings, and interme-
diate morphologies could be tuned within a single process. Furthermore, a SiC/CNT-like
composite structure was directly formed on a conductive Fe substrate in a one-step CVD
process. Electrochemical measurements showed an enhanced current response compared
with a bare Fe substrate, indicating preliminary electrochemical activity and suggesting
potential applicability as a high-surface-area electrode platform.

Keywords: carbon nanomaterials; CNT-like structures; CVD; vinylsilane; Fe catalyst;
SiC/CNT-like composite

1. Introduction

Silicon carbide (SiC) is an attractive material owing to its wide bandgap, high mechan-
ical robustness, and excellent chemical and thermal stability, and has attracted considerable
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attention as a functional thin-film and coating material across a wide range of fields. In re-
cent years, comprehensive reviews on SiC thin-film technologies, deposition processes, and
functional coating applications have been reported, providing a systematic understanding
of its material properties and application potential [1]. Based on these characteristics, SiC
has been extensively investigated for applications such as protective coatings on metal
surfaces [2—4], corrosion-resistant layers under harsh environments, and electrode materials
and coatings for electrochemical energy conversion systems, including photoelectrodes [5].

Electrochemical energy conversion reactions are particularly sensitive not only to
intrinsic material properties but also to the surface structural design of electrodes, which
strongly influences reaction efficiency. In water-splitting reactions, mass transport at
the reaction interface and the behavior of generated gas bubbles are directly linked to
device performance. Therefore, controlling electrode surface morphology has become an
important challenge for improving electrochemical reaction efficiency. The introduction of
three-dimensional (3D) nanostructures with surface roughness is widely recognized as an
effective strategy to enhance electrode performance.

One effective approach to constructing such 3D nanostructures is to utilize carbon
nanotubes (CNTs) [6-8] as structural templates in combination with functional materials.
CNTs possess a high aspect ratio, excellent electrical conductivity, and mechanical flexibility,
enabling the formation of porous and compliant architectures. However, CNTs tend to ag-
gregate due to strong van der Waals interactions, which reduces the accessible surface area
and increases resistance within the CNT network, thereby deteriorating electrochemical
performance. To overcome this limitation, CNTs are often integrated with other materials
to form hybrid structures with improved electrical connectivity and enhanced electro-
chemically active surfaces. Such CNT-based composites, including TiO, /CNT, ZnO/CNT,
FeyO3/CNT, and CuWO,/CNT hybrid structures, have been widely explored as platforms
for functional coatings and electrochemical applications, including photoelectrochemical
systems [9].

SiC is also a promising candidate for electrode and photoelectrode applications owing
to its wide bandgap and excellent chemical stability, and its application to photoelectro-
chemical water splitting has been reported [5,10-13]. Combining SiC with CNT-based 3D
architectures is therefore expected to integrate the chemical stability and electrochemical
functionality of SiC with the high surface area and conductive network provided by CNTs,
thereby facilitating charge transport and interfacial reactions. CNT-based composites, in-
cluding SiC/CNT structures, have been investigated for mechanical reinforcement, thermal
property control, and surface functionalization [14-17]. However, most reported SiC/CNT
structures are fabricated through multistep processes, where CNTs are first synthesized and
subsequently coated with SiC. Such approaches increase fabrication complexity and often
require CNT dispersion, surface modification, and high-temperature processing, which
may cause CNT agglomeration, nanotube damage, and poor interfacial load transfer. In
addition, CNT growth and subsequent SiC coating are typically conducted in separate pro-
cessing steps, resulting in longer and more complicated fabrication procedures. Therefore,
the development of a single-step or continuous growth approach remains an important
challenge.

In general, CNT growth requires transition-metal catalysts such as Fe, Ni, or Co
together with hydrocarbon precursor gases including ethylene or acetylene [6-8]. In
contrast, a single-source precursor capable of supplying both carbon and silicon species
offers the possibility of simultaneously forming CNT-like structures and SiC within a single
process. The growth behavior of carbon-related structures and SiC under such conditions
has not been systematically investigated on metal substrates.
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In this study, we focus on vinylsilane as a single-source precursor for both carbon-
related structure formation and SiC growth. The presence of a Si-C bond enables SiC
formation using vinylsilane alone as the precursor. Previous studies have demonstrated
that vinylsilane is an effective precursor for SiC deposition over a wide temperature range,
including SiC film growth on Si substrates at 600-1000 °C and deposition on Cu substrates
at temperatures as low as 700 °C [18]. Epitaxial growth of 3C-5iC on Si substrates has
also been demonstrated using vinylsilane [19]. In addition, SiC deposition on carbon
nanowalls (CNWs) has been reported, indicating that vinylsilane can be applied not only
to conventional substrates but also to nanostructured carbon materials [20].

Vinylsilane also contains a vinyl group with a molecular structure similar to ethylene,
a widely used carbon source for catalytic CNT growth. Therefore, thermal decomposition of
vinylsilane can potentially provide carbon species for filamentous carbon growth, while the
Si-C bond serves as a source of silicon-containing species for SiC formation. Consequently,
competition between carbon nanostructure formation and SiC growth may occur depending
on catalyst characteristics, substrate configuration, and growth conditions. However,
despite these previous studies, the factors governing the transition between CNT-like
structure formation and SiC formation in a single-step vinylsilane process remain poorly
understood.

Accordingly, this study investigates the growth behavior of carbon-related structures
and SiC films using vinylsilane as a single-source precursor on various metal substrates,
aiming to clarify the factors governing the transition between CNT-like structure formation
and SiC formation.

2. Materials and Methods

Thin metal films were deposited on Si (100) substrates (resistivity < 0.01 (2-cm) coated
with a thermally grown SiO; layer (thickness: 500 nm + 10%) by a resistance-heating
evaporation system. Ti, Fe, Co, and Ni were used as metal thin films, and their thicknesses
were 33 nm (Ti), 60 nm (Fe), 45 nm (Co), and 47 nm (Ni), respectively. For comparison, bulk
metal substrates of Ti, Fe, Co, and Ni were also used.

Growth experiments were carried out by hot-wall chemical vapor deposition (CVD)
using vinylsilane as a single-source precursor and Ar as a carrier gas. The substrates used
in this study consisted of metal thin film substrates (Ti/SiO,/Si, Fe/SiO,/Si, Co/SiO,/Si,
and Ni/SiO, /Si), bare SiO, /Si substrates, and bulk metal substrates (Ti, Fe, Co, and Ni).
The growth time was typically fixed at 60 min. To investigate time-dependent growth
behavior, additional experiments were conducted on Fe thin-film substrates (Fe/SiO, /Si)
with growth times of 15 and 120 min at 850 °C.

The deposition conditions used in this study are summarized in Table 1. For bulk
metal substrates, the vinylsilane flow rate and growth pressure were set to 6 sccm and
1 Torr, respectively. In contrast, for metal thin film substrates and bare SiO, /Si substrates,
they were set to 4 sccm and 2 Torr, respectively. The growth temperature was varied in
the range of 750 and 950 °C depending on the substrate and experimental purpose, while
850 °C was used for time-dependent experiments. As summarized in Table 1, different
precursor flow rates and pressures were employed for bulk metal substrates and metal
thin-film substrates. These conditions were selected to enable meaningful comparison of
growth behavior among different substrate types. Prior to deposition, all substrates were
subjected to hydrogen pretreatment at the corresponding deposition temperature with a
hydrogen flow rate of 150 sccm for 10 min to remove surface contaminants.
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Table 1. Summary of deposition conditions used for bulk metal substrates and metal thin-film
substrates (Metal /SiO;, /Si).

Substrate Type Metal Temperature (°C)  Time (min) Vinylsilane (sccm) Pressure (Torr)
Bulk substrate Fe, Ni, Co, Ti 750, 950 60 6 1
Metal/SiO, /Si thin film  Fe, Ni, Co, Ti 750, 950 60 4 2

After deposition, the samples were characterized to analyze the reactions between
the metals and the precursor. Surface and cross-sectional morphologies, as well as film
thicknesses, were examined using scanning electron microscopy (SEM; JSM-6700F, JEOL
Ltd., Tokyo, Japan). Surface bonding states and elemental composition ratios were analyzed
by Raman spectroscopy (RAMAN-11, Nanophoton Corporation, Osaka, Japan) using a
532 nm excitation laser and X-ray photoelectron spectroscopy (XPS; ESCALAB250, VG
Scientific, East Grinstead, UK). The crystalline structures of the deposited films were
evaluated by X-ray diffraction (XRD; Rigaku RINT2100, Rigaku Corporation, Tokyo, Japan)
using a Cu K& X-ray source. UV Raman spectroscopy was performed using an NRS-5100PL
system (JASCO Corporation, Tokyo, Japan). Transmission electron microscopy (TEM)
observations were performed using a JEM-2100PLUS microscope (JEOL Ltd., Tokyo, Japan).
Cyclic voltammetry measurements were performed using an HZ-7000 electrochemical
measurement system (Hokuto Denko Corporation, Tokyo, Japan).

3. Results

3.1. Growth Using Vinylsilane on Bulk-Metal Substrates
Raman Analysis of Carbon Bonding on Catalytic and Non-Catalytic Substrates

To confirm the formation of carbon-related structures, Raman spectroscopy was per-
formed for samples grown on Ti, Ni, and Fe metal substrates as well as on SiO, /Si substrates
at growth temperatures of 750 °C and 950 °C for 60 min using vinylsilane as a precursor.
The obtained Raman spectra are shown in Figure 1a,b.

Si-C Carbon-related band Dband G band 2D band
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Figure 1. Raman spectra of samples grown using vinylsilane for 60 min at 750 °C and 950 °C on
(a) non-catalytic substrates (SiO, /Si and Ti) and (b) catalytic metal substrates (Ni and Fe). Dashed
lines are guides to the eye indicating the approximate positions of the characteristic Raman bands.3.1.2.
SEM Observation of Surface Morphology.

As shown in Figure 1a, for samples grown on non-catalytic substrates (SiO, /Si and Ti),
the SiO, /Si and Ti samples grown at 950 °C exhibited a broad Raman band centered around
~800 cm~!. This feature is attributed to Si-C bonding associated with SiC. In crystalline
3C-SiC, the transverse optical (TO) and longitudinal optical (LO) phonon modes appear
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at ~795-796 cm~! and ~972 cm ™!, respectively [21-23]. In polycrystalline or amorphous
SiC, however, these peaks broaden and overlap, appearing as a broad Si—C (TO/LO) band
in the 6001000 cm ™! region [3,21-23]. Therefore, the observed broad band near 800 cm~1
indicates the formation of SiC-related phases on the SiO;/Si and Ti substrates. In addition,
a broad Raman feature was observed around ~1420 cm~! at both 750 °C and 950 °C.
Similar bands around ~1420 cm~! have been reported for carbon-rich amorphous SiC
and are attributed to C—C bonding incorporated into a disordered Si-C network [24,25].
This behavior differs from disordered carbon, which typically exhibits a D band near
~1350 cm~! and a G band in the ~1500-1630 cm ! range [26]. Accordingly, the ~1420 cm ™!
feature is attributed to carbon-related bonding associated with carbon-rich Si—C materials
rather than graphitic carbon or CNT structures.

In contrast, for samples grown on catalytic metal substrates (Figure 1b), three promi-
nent Raman bands were observed at approximately 1350, 1580, and 2700 cm~! at both
750 °C and 950 °C. These correspond to the D, G, and 2D bands of sp?>-bonded graphitic
carbon, including CNT-related structures [27-31]. The G band (~1580 cm 1) arises from
the in-plane optical phonon mode (E,g) of the sp? lattice [27-31], while the 2D band
(~2700 cm 1) is a second-order feature associated with a double-resonance process [27,31].
The D band (~1350 cm™!) is activated by structural disorder in the sp? network [27-29,31].
Compared with the non-catalytic substrates, the Raman spectra of the catalytic metal sub-
strates were dominated by graphitic carbon signals, and no distinct Si-C-related Raman
feature was observed near ~800 cm ! under the present conditions.

To examine the morphology of the formed structures depending on the substrate type,
SEM observations were carried out. Figure 2a—f show surface SEM images of samples
grown on Si0O, /Si, Ni, and Fe substrates at growth temperatures of 750 °C and 950 °C.

Substrates/ SiO,/Si
Growth temp. [Ejf

950°C

750°C

Figure 2. Surface SEM images of samples grown using vinylsilane on (a,d) SiO,/Si, (b,e) Ni, and
(c,f) Fe substrates at (a—c) 950 °C and (d-f) 750 °C. All scale bars correspond to 1 um.

Figures 2a and 2d show the surface morphologies of samples grown on SiO, /Si sub-
strates at 950 °C and 750 °C, respectively. The film grown at 750 °C exhibited a smooth
surface, suggesting that the deposition process mainly proceeded via surface reactions.
In contrast, at 950 °C, spherical particles with various sizes appeared. Accordingly, the
discussion was revised to indicate that the particles may be associated with particulate
by-products generated within the hot-wall reactor, while their exact origin remains un-
clear. Figure 2b,e show the surface morphologies of samples grown on Ni substrates.
At both temperatures, granular structures distinct from those on SiO, /Si were observed,
and the particle size increased with increasing growth temperature. The average Feret
diameter estimated from SEM images increased from 0.39 £ 0.11 um at 750 °C (n = 60)
to 1.50 £ 0.55 pm at 950 °C (n = 39), indicating significant particle coarsening at elevated
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temperatures. Combined with the Raman results indicating graphitic carbon formation,
these structures are likely associated with reactions between vinylsilane and Ni.

Figure 2¢,f show the surface morphologies of samples grown on Fe substrates. At
750 °C, a rough surface with irregular features was observed, whereas at 950 °C, thin
filamentous structures were observed. Based on the combined results of Raman spec-
troscopy and SEM observations, these structures are considered to be CNT-like filamentous
structures. Hereafter, these structures are referred to as CNT-like structures.

These results demonstrate that the morphology of the deposited structures strongly
depends on the substrate type. In particular, Si-C-related phases were preferentially
observed on non-catalytic substrates, whereas graphitic carbon structures, including CNT-
like morphologies, were preferentially formed on catalytic metal substrates. At elevated
temperatures (950 °C), Fe substrates tended to produce high-surface-area filamentous
structures, suggesting that the formation of Si—-C-related phases or carbon nanostructures
is influenced by substrate selection.

3.2. Growth on Metal Thin-Films/SiO,/Si Using Vinylsilane

To further investigate the factors governing CNT-like structure formation and SiC
growth, growth experiments were conducted using metal thin-film substrates.

3.2.1. Raman Analysis on Metal Thin-Films/SiO, /Si

Figure 3a,b show the Raman spectra of samples grown on metal thin-film substrates.
Figure 3a compares samples grown on non-catalytic Ti thin-film, Ti bulk, and SiO,/Si
substrates at 950 °C to evaluate the influence of the Ti substrate configuration on the
resulting bonding characteristics. The Raman spectra of the Ti bulk and SiO, /Si substrates
were previously shown in Figure 1 and are included again here for direct comparison.
Figure 3b shows the spectra of samples grown on catalytic metal thin films (Ni, Fe, and Co)
at 750 °C and 950 °C for a fixed growth time of 60 min.

Si-C  Carbon-related band Si-C D band G band 2D band

(@) ()
/\/ on SiO,/Si f\—//\\kﬁ Growth Temp.
L._on Ni — 950°C
*J\J ] =750°C

| : AN
© -
s s S
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g on TiSiO,/Si | £ L_\#\
E ~

_ )
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800 1200 1600 2000 2400 2800 800 1200 1600 2000 2400 2800
Raman shift (cm™) Raman shift (cm™)

Figure 3. Raman spectra of samples grown using vinylsilane on metal thin film substrates.
(a) Comparison of Raman spectra obtained from Ti thin-film, Ti bulk, and SiO, /Si substrates grown at
950 °C. (b) Catalytic metal thin films (Fe, Ni, and Co) grown at 750 °C and 950 °C for 60 min. Dashed
lines are guides to the eye indicating the approximate positions of the characteristic Raman bands.

As shown in Figure 3a, the samples grown on Ti thin films exhibit a broad Si-C-related
band centered around ~800 cm~! together with a broad carbon-related band at ~1420 cm 1.
These features are consistent with those observed on Ti bulk and SiO, /Si substrates under
the same conditions, indicating similar bonding characteristics regardless of the Ti substrate

configuration.
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Figure 3b shows the Raman spectra of samples grown on Fe, Ni, and Co thin film
substrates. At 750 °C, the D and G bands are observed for all metal thin films, and the
2D band is additionally detected for Fe and Ni, indicating the formation of sp?>-bonded
graphitic carbon (CNT-like) structures. For the Fe thin film, a Si—C-related feature around
~800 cm ™! is also observed, suggesting the coexistence of SiC-related bonding and graphitic
carbon. In contrast, when the growth temperature is increased to 950 °C, the D, G, and
2D bands disappear, and the spectra are dominated by the Si-C-related band (~800 cm 1)
together with the broad band at ~1420 cm~!. This result indicates that Si-C-related bonding
becomes dominant in the Raman response under these conditions.

To provide a more quantitative comparison of the Raman features, peak-fitting analysis
was performed. The resulting peak positions, full width at half maximum (FWHM) values,
and intensity ratios (Ig/Ip and I,p/Ig) are summarized in Table S1 of the Supplementary
Information. For the Fe bulk substrate, well-resolved D, G, and 2D bands were observed
at both temperatures, with I /Ip values of 0.99 and 0.79 at 750 and 950 °C, respectively.
In contrast, the Fe thin-film substrate exhibited a much lower Ig/Ip value (0.17) at 750 °C,
while the distinct D, G, and 2D bands were no longer resolved at 950 °C and were replaced
by a broad carbon-related band centered at 1424.8 cm~!. This peak position is close to
those observed for the SiO; /Si, Ti bulk, and Ti thin-film samples, which exhibited broad
carbon-related bands at approximately 1420-1437 cm~!. These results suggest that the
relative contributions of graphitic carbon and Si-C-related bonding depend strongly on the
growth conditions used for the metal thin-film substrates.

3.2.2. SEM Observation of Surface Morphology on Metal Thin-Films/SiO, /Si

Figure 4a—e,g-k show surface SEM images of structures formed on Ti/SiO,/Si,
Ni/SiO,/Si, Co/SiO,/Si, and Fe/SiO,/Si using vinylsilane for 60 min at growth tem-
peratures of 750 °C and 950 °C. The SiO,/Si data shown in Figure 4a,g were previously
presented in Figure 2 and are included again here to facilitate direct comparison with the
metal thin-film substrates. Figures 4f and 41 show cross-sectional SEM images of Fe thin
films corresponding to the surface morphologies shown in Figures 4e and 4k, respectively.

TiISIO,/Si Ni/SiO,/Si Co/SiO4/Si Fe/SiO,/Si

Figure 4. Surface and cross-sectional SEM images of metal thin films after growth using vinylsilane
for 60 min. (a—e) Surface SEM images of Ti, Ni, Co, and Fe thin films grown at 950 °C, and (f) the
corresponding cross-sectional image of (e). (g-k) Surface SEM images of Ti, Ni, Co, and Fe thin films
grown at 750 °C, and (1) the corresponding cross-sectional image of (k). All scale bars correspond to
1 um. The arrows indicate the approximate height of the grown structures.

At 750 °C, the non-catalytic Ti thin film exhibited a smooth surface similar to that
observed on SiO; substrates, whereas granular structures were formed on the catalytic
metal thin films (Ni, Co, and Fe). The surface morphology strongly depended on the metal
species, with the finest structures observed on the Fe thin film. A cross-sectional SEM image
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of the Fe thin film (Figure 41) reveals filamentous structures with heights of approximately
500-800 nm. Based on the combined results of SEM observations and Raman spectroscopy,
these structures are considered to be CNT-like filamentous structures.

In contrast, at 950 °C, the surface morphology changed significantly. Irregular granular
morphologies were observed on Ti and Ni thin films, whereas spherical surface structures
were observed on Co and Fe thin films. In particular, spherical particles with diameters of
approximately 1.5 um were formed on the Co and Fe thin films, similar to those observed on
SiO; substrates. Cross-sectional SEM observations of the Fe/SiO, /Si thin-film sample show
that the film thickness increased to approximately 1.5-3 um, with a hemispherical surface
morphology. Compared with the samples grown at 750 °C, both the particle diameter and
film thickness increased, indicating enhanced film growth under the 950 °C condition.

Although differences in surface morphology were observed depending on the metal
species, all samples exhibited grain-like structures at 950 °C, and the Raman spectra showed
similar overall trends. These results suggest that Si—-C-related phases become dominant
under these conditions, resulting in the formation of films containing amorphous carbon
components. These observations are consistent with the Raman results, suggesting that the
relative contributions of graphitic carbon and Si-C-related bonding vary depending on the
growth conditions.

3.2.3. X-Ray Diffraction Analysis of SiC Formation on Metal Thin-Film Substrates

Figures 5a and 5b show the X-ray diffraction (XRD) patterns of Ti/SiO, /5i, Ni/SiO; /Si,
Co/5i0,/Si, and Fe/SiO, /Si thin-film substrates after growth using vinylsilane at growth
temperatures of 750 °C and 950 °C, respectively.

si 3 ___ si3nt _
@) (b) » TUSIO,/Si ] :gfrlaﬁﬁe
s TiSI0,/Si ] i A20 A311]  oroNT
5 isiogsil 5 F Proesscstissimmsd 7 NiySi
— NI/SIO,S ; iy
g I 2100 E— 3 L v Ni/SiO,/Si ] OCoSi
S 1 oo2 o1 N . W o] *Fe,Si,
2 S0 111 o) 12 o) i
@ O O coisiogsil 2 F po 5 Carsi0y8i ]
2r 180 P
= u 100 *110 FeIS0,Si £7r )
N * 1 [ * . . ]
M ﬂ J\ * ay X | | Fersoysi
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20 (degree) 26 (degree)

Figure 5. X-ray diffraction (XRD) patterns of metal thin film substrates after growth using vinylsilane
at (a) 750 °C and (b) 950 °C. The substrates are Ti/SiO, /Si, Ni/SiO, /Si, Co/SiO, /Si, and Fe/SiO, /Si.
Measurements were performed using Cu K radiation.

For the samples grown at 750 °C (Figure 5a), only the Si (331) diffraction peak from
the Si substrate at approximately 56° was observed for samples grown on Ti/SiO,/Si and
Ni/S5iO, /Si thin-film substrates, and no distinct peaks attributable to the deposited layers,
silicide phases, or carbon-related structures were detected. This may indicate that the
deposited layers were either too thin, poorly crystalline, or below the detection limit of the
present XRD measurement.

In contrast, the Co/SiO,/Si and Fe/SiO,/Si thin-film substrates exhibit multiple
diffraction peaks, including a peak at approximately 26 ~ 26-27°, which corresponds to the
(002) reflection of graphitic carbon commonly observed in graphitic or turbostratic carbon
structures, including CNT-like materials [32-35]. In addition, several peaks can be assigned
to Co-5i [36] and Fe-Si [37,38] silicide phases, suggesting that Si species supplied from
vinylsilane may react with the metal layers to form silicides under these growth conditions.
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Fe thin film

Fe bulk

For the samples grown at 950 °C (Figure 5b), an additional diffraction peak appears at
approximately 20 ~ 36° for all metal thin-film substrates. This peak can be assigned to the
3C-SiC (111) reflection [38,39], suggesting the formation of SiC-related phases on all metal
thin-film substrates at elevated temperatures. However, contributions from overlapping
diffraction features originating from structurally disordered carbon phases cannot be
completely excluded based solely on XRD analysis. Furthermore, for the Ti, Ni, and Co
thin-film substrates, additional peaks at approximately 20 ~ 60° and 72° are observed,
corresponding to the 3C-SiC (220) and (311) reflections, respectively [39,40], consistent
with the formation of polycrystalline SiC. For the Fe thin-film substrate, the high-angle
SiC-related reflections were not clearly resolved. Although SiC-related diffraction was
observed at lower angles, the origin of the weaker diffraction intensity at higher angles
could not be determined from the present XRD data alone.

Furthermore, silicide-related diffraction peaks were observed for the Co and Fe thin-
film substrates at 950 °C. In addition to the SiC-related reflections, silicide-related diffraction
peaks were observed for the Co, Fe, and Ni thin-film substrates at 950 °C. The diffraction
features observed for the Ni/SiO, /Si thin-film substrate can be attributed to nickel silicide
phases (NixSiy ) [41]. In contrast, no peaks attributable to metal silicides were observed for
the Ti/SiO, /Si thin-film substrate, where only SiC-related reflections were detected in addi-
tion to the Si substrate peak. These diffraction features are consistent with silicide formation
on catalytic metal thin-film substrates under high-temperature growth conditions.

The SEM, Raman, and XRD results revealed clear differences in morphology, bond-
ing characteristics, and phase formation between the Fe bulk and Fe/SiO,/Si thin-film
substrates. To further investigate the bonding states associated with these distinct growth
behaviors, XPS measurements were performed.

3.2.4. XPS Analysis of Surface Bonding States on Fe Bulk Substrates and Fe /SiO, /Si
Thin-Film Substrates

Figure 6a—f show the XPS spectra of the surfaces of samples grown on Fe thin-film
substrates and Fe bulk substrates, respectively, after growth at 950 °C.

. Si-C
Fe2p Si2p |
v
(@) (b) o-sic
e N s
2 = E
£ £ =
5| (d)Fe2p,, Fe2py, 5|(e) 0-Si-C 5
£ < - £
Si ()>< l Si-C
730 725 715 710 705 700 106 105 104 103 102 101 100 99 98 292 290 288 286 284 282 280 278
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 6. XPS spectra of samples grown using vinylsilane at 950 °C. (a—c) Fe thin film and
(d—f) Fe bulk substrates. (a,d) Fe 2p, (b,e) Si 2p, and (c,f) C 1s core-level spectra. Deconvoluted peak
components are shown.

Figures 6a and 6d present the Fe 2p spectra of the samples grown on the Fe thin film
and the Fe bulk substrate, respectively. For the sample grown on the Fe bulk substrate,
distinct Fe 2p peaks were clearly observed, whereas these peaks were hardly detected for
the sample grown on the Fe thin film. This result indicates that a sufficiently thick overlayer
was formed on the Fe thin film, such that the underlying Fe is located beyond the XPS
detection depth. Although the overlayer thickness was not quantitatively evaluated, the
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absence of a detectable Fe 2p signal suggests that the overlayer formed on the Fe thin-film
substrate exceeds the effective XPS detection depth.

Figure 6b and 6e show the Si 2p spectra of the samples grown on the Fe thin film
and the Fe bulk substrate, respectively. Based on reported peak components and binding-
energy assignments for SiC-based films, the Si 2p spectrum of the Fe thin film sample
was deconvoluted into three components corresponding to Si-5i/Si-H, Si-C, and O-5i—C
bonds [42]. In contrast, the Si 2p spectrum of the Fe bulk substrate sample was fitted
using four components, including an additional Si-Oyx component, following the same
literature-based assignments [42]. As a result, the Si-C bonding component is dominant
for the Fe thin film, whereas comparable contributions from O-5i-C and Si—C components
are observed for the Fe bulk substrate.

Figure 6¢ and 6f show the C 1s spectra of the samples grown on the Fe thin film and
the Fe bulk substrate, respectively. The C 1s spectra were deconvoluted into C-Si, C-C/C-
H, C-O-H, and C=0 components based on reported XPS analyses and assignments [42].
For the sample grown on the Fe thin film, dominant Si-C (C-5i) and C-C/C-H bonding
components are observed. In contrast, the sample grown on the Fe bulk substrate exhibits
a dominant C-C/C-H component, together with weaker Si-C (C-5i), C-O-H, and C=0
components.

These results indicate that Si—-C bonding is clearly observed on the Fe thin-film surface,
whereas C-C/C-H bonding remains dominant on the Fe bulk substrate surface. To provide
a more quantitative comparison of the XPS results, the fitted binding energies, full width at
half maximum (FWHM) values, and relative component areas are summarized in Table S2
of the Supplementary Information. The fitting results show that the relative Si-C component
area within the Si 2p spectrum is substantially larger for the Fe thin-film substrate (64.5%)
than for the Fe bulk substrate (30.4%). Likewise, the relative C-Si component area within
the C 1s spectrum is higher for the Fe thin-film substrate (58.9%) than for the Fe bulk
substrate (9.7%). These values represent relative component areas within each core-level
spectrum and do not correspond to elemental atomic concentrations. Considering the Fe
2p, Si 2p, and C 1s spectra together, these differences can be interpreted as being consistent
with differences in the Si uptake behavior of the substrates. In the Fe thin-film substrate,
the limited Fe volume may restrict further diffusion of Si into the metal layer, which could
contribute to the accumulation of Si-containing species near the surface and consequently
a stronger Si—C contribution. In contrast, in the Fe bulk substrate, Si species may diffuse
further into the substrate, which could reduce the relative amount of surface Si—C species
and result in a more carbon-rich surface composition. These observations are consistent
with the proposed interpretation that competition between Si diffusion/uptake and surface
Si-C formation influences the observed bonding states.

3.3. Effect of Growth Time on CNT-like Structure Formation

To clarify the time-dependent evolution of CNT-like structures formed using vinylsi-
lane, growth experiments were carried out at a fixed temperature of 850 °C for different
growth times. The temperature of 850 °C was selected as an intermediate condition be-
tween the CNT-like morphology observed at 750 °C and the coated morphology observed
at 950 °C. Growth times of 15 min and 120 min were chosen to represent the early and
advanced stages of growth, respectively, while 60 min served as an intermediate condi-
tion. While the temperature-dependent results described above suggest a transition from
CNT-like filamentous morphologies to coated morphologies on metal thin-film substrates,
time-dependent experiments were conducted to examine how the growth behavior changes
during the deposition process. Figures 7a and 7b show cross-sectional SEM images of
Fe/Si0O, /Si substrates grown for 15 and 120 min, respectively.
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Figure 7. Cross-sectional SEM images of structures grown at 850 °C for (a) 15 min and (b) 120 min on
Fe/Si0, /Si substrates using vinylsilane. Scale bar: 1 um.

After a growth time of 15 min (Figure 7a), high-aspect-ratio filamentous structures
were observed to extend to lengths of approximately 1-2 um. These structures are similar
in morphology to those observed on Fe bulk substrates, suggesting that filamentous growth
proceeds preferentially at the initial stage under these conditions. The relatively small
diameter and high aspect ratio suggest that vertical growth is dominant during the early
growth period. In contrast, after a growth time of 120 min (Figure 7b), the overall height
of the structures increased only slightly to approximately 2-3 pm, while the diameter
increased significantly. The tips of the structures exhibited hemispherical morphologies
with diameters of approximately 700 nm. Although a height of about 2 pm was already
achieved after 15 min, prolonged growth mainly resulted in lateral thickening rather
than further vertical elongation. These observations indicate a clear transition in the
growth mode with increasing growth time. The filamentous structures initially grow
vertically with a small diameter. However, with prolonged growth, the overall height
increases only slightly, whereas the structure diameter increases substantially. This behavior
suggests that the growth mode changes with increasing growth time. While filamentous
structures dominate after 15 min, prolonged growth leads to substantial thickening of the
deposited layer and the appearance of a coated morphology. The morphology observed
after 120 min no longer resembles an exposed filamentous structure and instead appears as
a coated morphology.

Therefore, the time-dependent evolution observed in this study suggests that growth
time plays a critical role in determining the final morphology. Short growth times are
associated with high-aspect-ratio filamentous structures, whereas prolonged growth results
in a coated morphology rather than high-aspect-ratio filamentous structures. The exposed
filamentous morphology obtained at shorter growth times provides a higher-aspect-ratio
structure and a more accessible surface than the coated morphology observed after pro-
longed growth. By controlling the growth duration, it is possible to tune the balance
between these two morphologies depending on the intended application.

3.4. Electrochemical Applicability of the SiC/CNT-like/Fe Bulk Structure

To evaluate the electrochemical applicability of the structure, a SiC/CNT-like compos-
ite structure was directly fabricated on a conductive Fe bulk substrate under optimized
growth conditions. This structure is hereafter referred to as the SiC/CNT-like/Fe sample.
Fe was selected because it exhibited the most pronounced filamentous morphology among
the investigated substrates and therefore provided the most suitable representative system
for evaluating the electrochemical behavior of the deposited SiC/CNT-like composite struc-
ture. Growth was carried out on the Fe bulk substrate at 850 °C for 1 h using vinylsilane
(2 scem).

Figure 8a shows a surface SEM image of the obtained structure. Filamentous structures
are observed to grow relatively straight from the surface, consistent with the formation
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of CNT-like filamentous structures. The coexistence of graphitic carbon and SiC was
confirmed by UV Raman spectroscopy, as shown in Figure 8b. A peak near 800 cm ™!
corresponds to the transverse optical (TO) phonon mode of SiC [23], while the bands around
1430 and 1580 cm ! are attributed to disordered carbon and the G band of sp?>-bonded
carbon, respectively. TEM observations revealed hollow filamentous nanostructures with
graphitic layered walls (Figure 8c). In addition, graphitic layered structures were observed
in another region (Figure 8d), and the corresponding selected-area electron diffraction
(SAED) pattern exhibited ring-like diffraction features composed of numerous diffraction
spots (Figure 8e), consistent with the presence of polycrystalline graphitic domains within

the deposited carbon nanostructures.

G band
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Figure 8. Structural characterization and electrochemical performance of the SiC/CNT-like/Fe
structure formed on an Fe bulk substrate using vinylsilane (850 °C, 2 sccm, 1 h). (a) Surface SEM
image of the deposited structure. (b) UV Raman spectrum showing SiC- and graphitic carbon-related
features. (c) TEM image showing a hollow filamentous nanostructure with graphitic layered walls.
(d) TEM image showing graphitic layered structures. (e) Selected-area electron diffraction (SAED)
pattern obtained from the region shown in (d). (f) Cyclic voltammetry (CV) curves measured in
a 0.1 mol/L NaySO4 aqueous electrolyte using an Ag/AgCl reference electrode and a Pt counter
electrode, comparing the bare Fe substrate and the SiC/CNT-like/Fe electrode.
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Figure 8f shows the cyclic voltammetry (CV) curves of the bare Fe bulk substrate
and the SiC/CNT-like/Fe electrode measured in a 0.1 mol/L NaySO,4 aqueous electrolyte
using an Ag/AgCl reference electrode and a Pt counter electrode. The working electrode
area was 0.5 cm?, and the scan rate was 100 mV /s. The curves correspond to the 100th
cycle after stabilization following initial changes during the first ~30 cycles. The bare
Fe bulk substrate exhibits distinct redox peaks associated with iron oxidation-reduction
reactions [43,44]. In contrast, the SiC/CNT-like/Fe electrode shows suppressed redox peaks
and a broadened current response, which is consistent with a reduced contribution from
iron oxidation-reduction reactions and a greater contribution from capacitive behavior. The
CNT-like framework may contribute to the observed increase in current response because
conductive graphitic carbon domains are present within the deposited structure. As a
result, the overall current response is increased over the entire potential range. In addition,
in the negative potential region, a decrease in hysteresis accompanied by an increase in
cathodic current is observed, which may reflect differences in interfacial electrochemical
behavior at the electrode surface. Consistent with this behavior, gas evolution was visually
observed during the electrochemical measurements, which is consistent with the occurrence
of electrochemical gas-evolution reactions at the electrode surface. Furthermore, owing
to the intrinsically high corrosion resistance of SiC [45], the SiC component is expected to
contribute to the improved chemical stability of the electrode.

4. Discussion

In this study, clear differences were observed in the formation behavior of carbon-
related structures and SiC films between Fe bulk substrates and Fe thin-film substrates
when vinylsilane was used as a single-source precursor. Because Fe exhibited the most
pronounced filamentous morphology among the investigated metal substrates, Fe bulk and
Fe thin-film substrates were selected as representative systems for discussing the growth
mechanism in detail. It should be noted that the growth conditions used for bulk-metal and
thin-film substrates were not identical, particularly with respect to vinylsilane flow rate and
total pressure. Therefore, although the observed differences are consistent with variations
in catalyst availability and Si uptake behavior, the possible contributions from differences
in growth conditions cannot be completely excluded. Based on the combined results of
SEM, Raman spectroscopy, XRD, and XPS, the growth mechanism can be understood in
terms of (i) the available amount of Fe catalyst, (ii) diffusion/uptake behavior of Si species
into Fe, and (iii) the balance between Si incorporation and surface reaction processes.

On Fe bulk substrates, vinylsilane is considered to decompose upon reaching the Fe
surface into carbon-related species and Si-containing species. The generated Si species
preferentially diffuse into and are incorporated into the Fe substrate, where they react with
Fe to form Fe-Si phases, as supported by the XRD results. This behavior is consistent with
previous studies reporting strong affinity and interdiffusion between Fe and Si at elevated
temperatures [46,47]. As a result, the near-surface region becomes relatively depleted in Si
and enriched in carbon. Under such conditions, Fe and/or Fe-Si silicide phases (hereafter
denoted as Fe-Si phases) provide catalytic sites for the formation of sp?-bonded carbon
structures, thereby favoring the formation of CNT-like filamentous carbon structures, while
the formation of Si—-C-rich phases is suppressed. This interpretation is supported by SEM,
Raman, and XPS results showing CNT-like structures with dominant C—C/C-H bonding
components.

In contrast, the growth behavior on Fe thin-film substrates differs markedly due to the
limited amount of available Fe. During the initial stage of growth, CNT-like structures are
formed while Si species are still able to diffuse into and be incorporated into the Fe layer.
However, as growth proceeds, the capacity of the Fe layer to accommodate Si becomes
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limited due to progressive formation of Fe-Si phases. Under these conditions, further Si
incorporation is restricted, and the balance between Si diffusion into the metal and surface
reaction shifts.

When the rate of Si—C-rich phase formation at the surface becomes comparable to or
exceeds the rate of Si diffusion into the Fe layer, the growth mode transitions from CNT-like
structure formation to the development of Si—C-rich coated structures. This transition is
interpreted to be associated with two key factors: (1) accumulation of Si within the metal
catalyst layer, and (2) the relative increase in the surface reaction rate of SiC formation,
which depends on growth temperature and precursor supply. In this sense, the transition
from CNT-like growth to SiC formation is unlikely to be explained solely by conventional
catalyst deactivation and is interpreted to be more consistent with a diffusion/uptake-
limited shift in the local reaction environment for the Fe system investigated in this study.
A schematic illustration of the proposed growth mechanism is shown in Figure 9. On
Fe bulk substrates, Si species generated from vinylsilane are considered to diffuse into
the Fe substrate and contribute to Fe-Si silicide formation, resulting in a Si-depleted and
carbon-rich surface environment because Si is considered to be continuously consumed
through Fe-Si silicide formation and diffusion into the Fe substrate, thereby favoring
CNT-like growth. In contrast, the limited Fe volume in Fe thin-film substrates may restrict
further Si uptake, leading to saturation of the Fe layer and enhanced surface accumulation
of Si-containing species. Under these conditions, Si—-C-rich phases gradually develop on
the pre-existing CNT-like structures, resulting in the coated morphology observed after
prolonged growth.

Vinylsilane-derived species

Si CNT like structure
Carbon
Fe bulk © s [>
substrate Fe substrate Fe substrate Fe substrate
Initial stage + Sidiffusioninto Fe * CNT-like structure growth
« Fe-Si phase formation
Si-C rich phase
CNT like structure
O O
Fe-Silicide layer
Fe thin-film
substrate

Si substrate

Si substrate Si substrate

Initial stage « Limited Si uptake Formation of Si-C-rich phase on
+ Fe layer saturation CNT-like structure

Figure 9. Schematic illustration of the proposed growth mechanism on Fe bulk and Fe thin-film
substrates during vinylsilane decomposition. On Fe bulk substrates, continuous incorporation
and diffusion of Si species into the substrate are proposed to promote Fe-Si silicide formation and
maintain a relatively carbon-rich surface environment favorable for CNT-like growth. In contrast,
the limited Fe volume in thin-film substrates may restrict further Si uptake, which may lead to the
accumulation of Si-containing species near the surface and the subsequent formation of Si—C-rich
coated structures. Yellow arrows indicate the progression of the proposed growth process. Black and
orange circles represent carbon (C) and silicon (5i), respectively.

Importantly, the time-dependent growth experiments further support this interpreta-
tion. At intermediate temperatures (e.g., 850 °C), CNT-like structures are initially formed,
followed by lateral thickening and the appearance of coating-like features. This behavior
suggests that the balance between Si diffusion into the Fe layer and surface reaction pro-
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cesses evolves during growth. One possible explanation is that, as CNT-like structures
grow, the effective transport of precursor species to the catalyst surface becomes limited.
In addition, the accumulation of Si within the Fe layer may reduce the driving force for
further Si diffusion. These effects can lead to a gradual transition from CNT-like growth to
the formation of Si—C-rich coated structures during the growth process.

Such a dynamic balance between diffusion and surface reaction processes is a char-
acteristic feature of single-source precursor systems such as vinylsilane, in which carbon
and silicon species are simultaneously supplied from the same molecular precursor. As a
result, the local reaction environment can shift between carbon-rich and SiC-forming condi-
tions depending on catalyst availability and diffusion kinetics. Although detailed analysis
was conducted for Fe, similar temperature-dependent trends were observed for other
catalytic metals such as Ni and Co in SEM and XRD measurements, whereas no comparable
behavior was observed for non-catalytic Ti. Although similar temperature-dependent
morphological trends were observed for Ni and Co in SEM and XRD measurements, the
present evidence is insufficient to establish the same diffusion/uptake-limited mechanism
for these substrates. Therefore, the detailed mechanism proposed here should be regarded
as being primarily supported by the Fe-based systems investigated in this study. In ad-
dition to the growth mechanism, the presence of CNT-like structures at the early stage
may also influence the final morphology. The formation of CNT-like structures may also
contribute to stress relaxation during film growth and subsequent cooling owing to their
compliant filamentous morphology, which can partially accommodate thermal-expansion
mismatch stresses between the deposited layer and the substrate, as suggested in related
CNT-containing composite systems [15]. This effect may explain differences in particle
morphology observed on metal thin-film substrates.

Furthermore, the electrochemical results suggest that this growth mechanism may
be utilized to design SiC/CNT-like composite electrode structures on conductive metal
substrates. The CNT-like network formed at the early stage provides a high-surface-area
electrically conductive sp?>-carbon framework, contributing to enhanced capacitive behav-
ior consistent with the electric double-layer characteristics of CNT-based materials [48].
Binder-free CNT electrodes, such as free-standing CNT films, have been investigated for
electrochemical applications [49]. However, many reported systems rely on additional
catalysts or involve binder-assisted or multistep fabrication processes. In contrast, the
present structure is directly formed on a conductive substrate through a single-step process,
which may provide advantages in electrical contact, structural integration, and fabrication
simplicity. The subsequent formation of SiC plays a complementary role by improving the
structural and chemical stability of the system. SiC is known for its excellent oxidation
resistance and chemical stability [45], and SiC/CNT composite materials have traditionally
been developed for applications requiring high thermal stability and mechanical robust-
ness [50]. Here, this combination is achieved through a single-step process, in contrast
to conventional multistep approaches involving CNT growth followed by SiC deposition
at higher temperatures [50]. The integration of CNT-like carbon structures as conductive
frameworks and SiC as a chemically stable component suggests that the SiC/CNT-like/Fe
structure may be a promising platform for future electrochemical applications. Although
quantitative evaluation of water electrolysis performance was not conducted, gas evolution
was visually observed during electrochemical measurements, which is consistent with the
occurrence of electrochemical gas-evolution reactions at the electrode surface, although
dedicated water-electrolysis performance measurements were beyond the scope of the
present study. Furthermore, the observed characteristics, including suppressed Fe-related
redox features and increased current response, suggest that the SiC/CNT-like/Fe structure
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may be of interest for future electrochemical applications. However, a comprehensive
evaluation of electrocatalytic performance was beyond the scope of the present study.

Therefore, the present study not only clarifies the growth mechanism of CNT-like
structures and SiC formation using a single-source precursor but also suggests a possible
strategy for designing integrated, binder-free electrode structures based on controlled
competition between diffusion and surface reaction processes.

5. Conclusions

In this study, the growth behavior of carbon-related structures and SiC films using
vinylsilane as a single-source precursor was systematically investigated on various sub-
strates, with particular focus on the differences between Fe bulk substrates and Fe thin-film
substrates. Substrate-dependent growth behavior was observed through SEM, Raman
spectroscopy, XRD, and XPS analyses.

On non-catalytic substrates such as 5iO, and Ti, SiC formation predominated, as
evidenced by Raman spectroscopy, indicating the formation of SiC-based films containing
amorphous carbon depending on the growth temperature. In contrast, Fe bulk substrates
were associated with the formation of CNT-like structures, which is consistent with prefer-
ential incorporation of Si into the Fe substrate and the development of relatively carbon-rich
surface conditions. When Fe thin-film substrates were used, the limited catalyst amount
was associated with a transition from CNT-like growth to SiC-related phase formation
as growth temperature and growth time increased. At elevated temperatures, crystalline
SiC, including polycrystalline 3C-SiC, was observed on several metal thin-film substrates,
suggesting an increased contribution of SiC formation under conditions where surface
reaction processes are favored. These results indicate that the relative formation of CNT-
like structures and SiC-related phases can be influenced by the catalyst amount, growth
temperature, and growth time. In particular, the observed growth transition is interpreted
as being consistent with a competition between Si diffusion/uptake into the metal and
surface SiC formation processes.

Furthermore, the present study shows that SiC/CNT-like composite structures can
be directly formed on conductive Fe substrates in a single-step process. The resulting
structures showed an enhanced current response compared with a bare Fe substrate,
indicating preliminary electrochemical activity and suggesting potential applicability as
high-surface-area electrode materials.

Overall, this work provides insight into growth control using vinylsilane as a single-
source precursor and suggests that catalyst amount and Si uptake behavior appear to play
important roles in determining the balance between CNT-like structure formation and
SiC-related phase formation.
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