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Abstract. An interesting phenomenon is observed while carrying out thermal carbonization of porous silicon (PS) with an aim to arrest the natural surface degradation, and it is a burning issue
for PS-based device applications. A tubular carbon structure has been observed on the PS surface.
Raman, Fourier transform infrared spectroscopy (FTIR) and electron microscope studies, revealed
that the tubular structure is nothing but amorphous carbon nanofibres sprouted within the pores in
the absence of a metal catalyst, for which a suitable explanation is proposed.
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1. Introduction
Porous silicon (PS) nanostructure plays an important role in the area of material science
and engineering and it has huge technological impact in nanoelectronic, field emission,
photonic and nanosensor devices [1–5]. Over the years, researchers have reported PS formation by various techniques, notably chemical etching [6], electrochemical- and photoinduced electrochemical anodization [7], plasma etching [8] etc. The major drawback in
all these cases is the surface degradation while being exposed to ambient atmosphere. This
hinders the possibility of PS from further use as a device. It has already been reported that
the PS is oxidized when stored in ambient air and hence its electronic properties change
[9,10].
Several treatments to stabilize the PS structure have been reported [11–17]. Thermal
oxidation and thermal carbonization, in particular, are very efficient techniques reported
by many researchers for surface stability of PS [11–15]. One of the many methods to
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stabilize the surface was through the use of Si–C bonds. Buriak et al first demonstrated
a Lewis acid-mediated approach [17] to functionalize the PS surface, which resulted in
increasing stability. In previous published reports [15,16], when PS surface was thermally
treated above 400◦ C, Si–H bonds broke with desorbed hydrogen and absorbed acetylene
molecule produced an SiC layer on the porous surface.
In this work, the authors report the formation of amorphous carbon nanofibres within
the pores of PS during thermal carbonization process in the presence of C2 H2 . Simultaneously, a stable surface is also achieved due to the carbonization process.
2. Experimental
PS samples were manufactured by electrochemical etching (figure 1) of boron-doped
p-type Si(1 0 0) wafers with a resistivity of 1–10 ·cm in an HF and ethanol mixture
(1:1 by volume). The etching current density and time were fixed as 25 mA/cm2 and
25 min, respectively.
The carbonization was carried out in a conventional tube furnace (figure 2). The thermal annealing pressure was kept at 1.5 mBar with a heating rate of 300◦ C/h. During

Figure 1. Electrochemical etching cell.

Figure 2. CVD chamber setup.
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the carbonization of PS, the argon gas flow rate was kept at 30 sccm. In the mean time,
acetylene was introduced into the chamber with a flow rate of 60 sccm at 850◦ C for
15 min. Experimental protocol of the carbonization process is shown in figure 3a and the
schematic diagram of carbonization process is shown in figure 3b.
Fourier transform infrared spectroscopy (FTIR) measurements were done with Bruker
vertex 70 V instrument. FTIR spectroscopy was characterized by diffuse reflectance mode

Figure 3. (a) Experimental protocol and (b) schematic diagram of carbonization
process.
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to remove the influence of the substrate. For Raman measurement, we used micro-Raman
spectrophotometer (LabRAM HR800, JY) fitted with peltier-cooled CCD detector and an
Olympus BX-41confocal microscope. The samples were excited with an air-cooled Arion laser (Spectra Physics) tuned at 488 nm. The spot size was 1.19 μm at the sample
surface under optimal conditions. Measurements were carried out in the backscattering
geometry using a 50X LWD microscope objective. The laser power was kept low on the
sample surface to avoid excessive heating.

3. Results and discussion
3.1 SEM analysis
Field emission scanning electron microscope (FEI, Nova Nano SEM 450) was used for
surface structure analysis. The SEM image (figure 4a) indicates the presence of welldispersed nanopore distribution of PS having diameter in the range of 40–60 nm. After the
thermal carbonization process, the SEM results show the formation of a-C nanofibre-like
structure on the sample surface. HR-TEM image (figure 5) confirms the formation of
CNFs within the pores during thermal carbonization.

(a)

(b)

Figure 4. SEM image of the sample (a) before thermal carbonization and (b) after
thermal carbonization.

Figure 5. HR-TEM image of thermally carbonized sample.
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3.2 Raman analysis
To confirm the growth of a-C tubular structure, Raman analysis was done. Figure 6a
shows the Raman spectra of freshly etched PS. The peak of PS shifts at 517 cm−1 and has
strong asymmetry in Raman profile. Raman spectra of PS confirm (a) faster etching rate,
(b) increase in porosity of PS and (c) decrease in silicon crystallite size [18]. Raman

Figure 6. Raman spectra of (a) freshly etched porous silicon and (b) thermally
carbonized sample.
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results show that the smaller the mean crystallite size, the greater is the redshift and
asymmetry in the lower energy of the LO phonon mode. Raman spectrum after carbonization (figure 6b) shows the first-order Raman scattering (i.e., G-band) at 1585 cm−1 ,
while the second-order Raman scattering (i.e., D-band) is at 1357 cm−1 . The Raman
result confirms the growth of a-CNF while carrying out thermal carbonization of PS.
The growth of carbon tubular structure has been reported earlier by Sun Wen et al
[19] where alumina was deposited inside the pores to facilitate the growth of CNT as a
catalyst. In our case, as such, no catalyst was deposited and we believe that acetylene
molecule decomposes at such high temperature and interacts with nanopore, which helps
as a catalyst in the formation of fibre-like structure of carbon atom.
In the Raman spectra (figure 6b), the intensity of the D-band vis-à-vis the G-band is
much higher due to high degree of defect density with the CNFs and it is confirmed in
the HR-TEM micrograph (figure 5). So, to ascertain the distinction between CNT and
CNFs, an analysis on G -band is done and this approach was earlier implemented also by
researchers [20] where it was shown that for amorphous nanocarbon, G -band (∼2680–
2780 cm−1 ) should be absent in Raman spectra. In our sample, G -band is also absent as
shown in the given spectra (figure 6b).
3.3 FTIR analysis
FTIR studies have been performed in the range of 500 to 4000 cm−1 for identifying the
functional group attached on the surface of the thermally carbonized sample. Figure 7
shows FTIR spectrum of thermally carbonized sample. The peaks at 3848 and 3649 cm−1
are attributed to γ (Si–OH) stretching modes. At lower wave numbers, the C–O and C–C
absorbencies at 1630 and 1260 cm−1 are present. Similarly, the Si–H modes at 858 cm−1
and various deformation modes overlapping the silicon crystal modes that are observed at
667 cm−1 and 510 cm−1 are also present. The FTIR spectra show the C–C bonds formed
by the carbonization process. The samples were periodically checked for six months and

Figure 7. FTIR spectra of thermally carbonized sample.
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Figure 8. FTIR spectra shows the surface stability after six months.

it was found that all the specific modes mentioned above retain their characteristic peak
positions and intensities and this confirms the achievement of surface stability (figure 8).
4. Conclusion
A very interesting result has been seen while carrying out the thermal carbonization process of PS. SEM, Raman and FTIR studies of PS samples, which were thermally carbonized in acetylene gas, confirmed the growth of some tubular structure of a-C. It is concluded that the thermal carbonization process of PS was also advantageous for the growth
of carbon nanofibre under proper growth conditions of CVD.
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