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C/B-SiC/Si hybrid microtubes have been fabricated by releasing prestressed C/Si bilayer structures
and treating with a postannealing process. Detailed characterization reveals the synthesis of 8-SiC
via a solid phase reaction at the C/Si interface. Remarkably, the production of B8-SiC is promoted in
the tube wall by rolled-up bonding of adjacent windings, which increases the area of the C/Si
interface by a factor of 2. The Raman spectra acquired from the hybrid microtubes disclose peaks
pertaining to the optical phonon modes of B-SiC that exhibit obvious downshifts due to surface
effects on the SiC nanoparticles. Moreover, two light emission bands are detected from a hybrid
microtube and their origin is discussed based on spectral analyses. © 2009 American Institute of

Physics. [DOI: 10.1063/1.3039089]

In  recent years, fabrication of  rolled-up
micro-/nano-objectsl’2 by releasing prestressed thin layers
from substrates has attracted increasing interest due to prom-
ising applications in mechanics,” fluidics,” electronics,’
optics,e as well as in several other interdisciplinary research
fields.” This technique relies on self-organization and has
been achieved in several materials systems.l_9 In particular,
rolling up multilayers on Si-on-insulator (SOI) substrates al-
lows to integrate the rolled-up technology with mainstream
Si planar technology, rendering it suitable for on-chip
applications.10 In our previous work, a SiGe layer was grown
on top of a Si layer to create highly strained SiGe on insu-
lator after a postoxidation/annealing process.10 By using this
approach, SiGe microtubes were fabricated but no chemical
reaction between the two layers was reported (apart from
interdiffusion). In another work, a focused laser beam was
used to locally modify the tube wall by thermal treatment."
Herein, a diamondlike carbon (DLC) layer is deposited on an
SOI substrate and serves both as a stressor as well as a re-
actant in the postannealing treatment after tube formation.
C/ B-SiC/Si hybrid microtubes are obtained via synthesis of
B-SiC in a solid phase reaction at the C/Si interfaces. Since a
multilayered tube wall is formed by rolling, additional C/Si
interfaces are created, leading to a notable enhancement of
SiC productivity. These hybrid microtubes may have advan-
tages in microelectromechanical systems due to the outstand-
ing physical and electronic properties of SiC.'"*" For in-
stance, it may be a suitable unit for electronic devices in
high-temperature, high-power, and high-frequency applica-
tions.
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The SOI wafer used in this experiment consists of a 27
nm Si (001) layer on a 100 nm SiO, film. A 20-nm-thick
DLC layer was deposited using acetylene plasma [see Fig.
1(a)]. To prepare the rolled-up microtubes, the starting edge
for the etching process was defined by a mechanical scratch
along the (010) direction.'” The SiO, sacrificial layer was
chemically removed by a 49% HF solution. The obtained
microtubes were then subjected to postannealing in Ar. The
morphology of the sample was investigated by using a com-
bination of scanning electron microscopy (SEM) (in Zeiss
NVision40 workstation) and transmission electron micros-
copy (TEM) (FEI Tecnai F30). Raman spectra were taken by
a Renishaw inVia Raman microscope with a 325 nm HeCd
laser as the light source. The low temperature cathodolumi-
nescence (CL) measurement was performed in a home-made
setup based on a modified JEOL 6400 SEM.

DLC: 20 nm

Si: 27 nm
SiO,: 100 nm

Si substrate

(a) (b)
10 um

(c)

FIG. 1. (Color online) Schematic diagram of (a) as-grown structure contain-
ing a DLC layer and an SOI substrate and (b) rolled-up microtube after
release of the prestressed DLC/Si bilayer. (c) Optical microscope image of a
typical DLC/Si bilayered microtube. (d) SEM image of a microtube protrud-
ing from the substrate. The inset shows an enlarged image of the area
marked by the dashed rectangle (scale bar: 200 nm).

© 2009 American Institute of Physics
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FIG. 2. (Color online) (a) Dark-field STEM image of the multilayered tube
wall of a microtube annealed at 900 °C for 2 h. (b) EEL spectra collected
from two different areas in (a). The inset shows the C and Si concentration
profiles obtained by EELS analysis along the dashed arrow in (a). (b) HR-
TEM image of the region marked by the rectangle in (a).

Optical microscopy indicates that after being released,
the free DLC/Si bilayer bends downward toward the sub-
strate and eventually rolls up into a tubular structure, as de-
picted in Fig. 1(b). The typical optical image displayed in
Fig. 1(c) shows that the microtube is straight and has a uni-
form diameter of ~7 wm. The coloration/contrast evolution
along the microtube originates from the diffraction interfer-
ence of light at different regions of the tube wall with differ-
ent number of rotations.'* Figure 1(d) shows an SEM image
of a microtube protruding from the substrate. The image re-
veals a circular cross section of a microtube with one and a
half rotations at the opening and a smooth inner/outer sur-
face. The region marked by the dashed rectangle is enlarged
in the inset of Fig. 1(d) in which the bilayer can be readily
observed, along with the compact combination between the
two layers remaining even after the roll-up process. More-
over, it should be mentioned that no rolled-up microtubes
were obtained in the control sample without a DLC layer,
implying that the DLC layer acts as a stressor in contact with
the Si layer. Due to the bend-down behavior of the bilayer,
we believe that the DLC layer should have an inherent com-
pressive strain.® As soon as the bilayer is released, the DLC
layer relaxes outwards, causing the bilayer to bend down-
wards.

Figure 2(a) shows the dark-field scanning TEM (STEM)
image of the multilayered tube wall of a microtube annealed
at 900 °C for 2 h. Here, in situ electron energy loss spec-
troscopy (EELS) is employed to perform a chemical analysis
of the tube wall. According to the line scan results in the
inset of Fig. 2(b), it can be concluded that the black and light
gray (area 2) areas in Fig. 2(a) correspond to the C and Si
layers, respectively. To clarify the composition of the dark
gray interface region (area 1), an EELS spectrum is collected
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FIG. 3. Raman spectra of the hybrid microtubes annealed at (a) 900 and (b)
1100 °C.

and displayed in Fig. 2(b). The Si L; ,-edge shifts to a higher
energy at 103.3 eV (from 99.3 eV for pure Si) and the C
K-edge shifts to a lower energy at 281.6 eV (from 284 eV for
pure C), indicating a strong chemical bonding between Si
and C."*' The synthesis of SiC can be further corroborated
by high resolution TEM (HRTEM) observation in the rect-
angular region of Fig. 2(a). The right part of the HRTEM
image in Fig. 2(c) exhibits parallel lattice fringes with a dis-
tance of 0.19 nm, indicating a crystal orientation of [220] in
the Si layer. In comparison, in the left part (i.e., area 1),
lattice fringes in a nanoparticle are observed and the fringe
distance (0.25 nm) is the same as the spacing of the {111}
planes of ,B—SiC.17 It should be stressed that in our experi-
ments, SiC is produced via a solid phase chemical reaction
that takes place at the C/Si interface during annealing, and
therefore, the fact that we can detect SiC nanoparticles with
a size of 3-5 nm in the dark gray interface layer located at
both sides of the Si layer illustrates the synthesis of SiC at
the additional C/Si interface produced by rolled-up bonding
[see the red arrow in Fig. 1(b)]. In addition, the existence of
SiO, can be verified by Auger electron spectroscopy (not
shown here) and the observation of oxygen in area 1 [see the
weak O K edge at 535.4 eV in the upper spectrum of Fig.
2(b)]. We suggest that the oxygen in the oxides may come
from the residual oxygen in the furnace and/or the top native
oxide layer of the Si layer in SOI.

Figures 3(a) and 3(b) display the Raman spectra of hy-
brid microtubes annealed at 900 and 1100 °C, respectively.
Two broad peaks centered at 776 and 921 c¢cm™' can be seen
from the sample annealed at 900 °C [Fig. 3(a)], whereas
they shift to 783 and 941 cm™!, respectively, in the sample
annealed at 1100 °C [Fig. 3(b)]. According to previous in-
vestigations of Raman properties of ,B-SiC,l&19 the low-
wavenumber peak can be assigned to the zone-edge TO pho-
non and the other to the LO mode. It is worth noting that the
two optical phonon modes in both samples exhibit obvious
downshifts compared to those in bulk 3-SiC, especially in
the sample annealed at 900 °C. The decrease in the phonon
frequencies in the -SiC nanoparticles are considered to be
related to the phonon confinement effect in SiC
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FIG. 4. (Color online) CL spectrum of a hybrid microtube annealed at
900 °C. The inset shows a series of CL spectra collected along the tube axis.

nanoparticleszo and the lattice imperfection near the surface,
which is more prominent in the LO mode.'® In the sample
annealed at lower temperature, the nanoparticles are smaller,
and the stronger influence from the surface should lead to
significant downshifts of the optical phonon modes. On the
other hand, for the sample annealed at higher temperature,
the Raman peaks exhibit a smaller downshift due to larger
particle size, as displayed in Fig. 3(b). Another notable fea-
ture in the Raman spectra is the splitting of the TO mode of
Si. The sharper peak at 520 cm™! originates from the Si
substrate while the broader peak at smaller wavenumbers
originates from the tensile strained Si layer in the tube wall.
The average stress (&) can be estimated using the following
equation: £=250 X Aw (MPa),?! where Aw is the shift of the
TO mode with respect to the Si substrate. The average tensile
stresses of the Si layers in the microtubes annealed at 900
and 1100 °C are 4.5 and 3.3 GPa, respectively. The reduc-
tion in tensile stress reflects the relaxation of strain and the
change in the microstructure in the sample annealed at higher
temperature. In addition, the broadening of the TO mode
compared to the bulk Si can be attributed to the nanometer
size of the tube wall and a pronounced strain gradient in the
Si layer.22

Light emission properties of SiC continue to be a focus
of many investigations.B’24 Here, we also measure the CL
spectra of the hybrid microtube at 5 K and the results are
shown in Fig. 4. Judged from the spectral position, the high-
energy band at ~550 nm (2.25 eV) could be assigned to the
band-to-band recombination in the B-SiC nanoparticles. The
broadening of this emission band can be attributed to the
variation in particle size,”> which further supports our inter-
pretation, although we cannot completely rule out the possi-
bility of this emission being connected with defect centers.
However, the low-energy band at ~670 nm (1.85 eV)
should have another origin. Previous experimental investiga-
tions have disclosed a defect center named as nonbridging
oxygen hole center (NBOHC) in silicon oxide for the emis-
sion at 1.85 eV.2>% Considering the similar emission energy
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and microstructure, we believe that the low-energy CL band
in the hybrid microtube may originate from the optical tran-
sition in NBOHC. For verification, we collect a series of CL
spectra along the tube axis (see inset of Fig. 4). The enhance-
ment of a low-energy band at the region near the opening of
the microtube, where more SiO, exists due to the excess
oxidation of residual oxygen, is observed. This phenomenon
supports the conclusion that the low-energy CL band is con-
nected with NBOHC in SiO,. The inset of Fig. 4 also indi-
cates the competition between the synthesis of SiC and SiO,:
the high-energy and the low-energy bands exhibit opposite
tendencies in the intensity evolution along the tube axis.

In summary, we have fabricated C/-SiC/Si hybrid mi-
crotubes by releasing prestressed DLC/Si bilayers from SOI
substrates followed by a postannealing treatment. During an-
nealing, 8-SiC is synthesized via a solid phase reaction at the
C/Si interface. The roll-up process provides the advantage of
increasing the C/Si interface area via rolled-up bonding,
thereby promoting the production of SiC. Obvious down-
shifts of two optical phonon modes of 3-SiC can be observed
in the Raman spectra and are attributed to the surface effect.
In addition, CL spectra exhibit two emission bands from the
microtubes. Spectral analyses indicate that they may origi-
nate from band-to-band recombination in 8-SiC and optical
transition in NBOHC, respectively.
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