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This paper describes a novel and simple method to fabricate silica and silica/metal hybrid
microtubes of very high aspect ratio via self-rolling of polymer layers. A trilayer of poly-
(dimethylsiloxane) (PDMS)/polystyrene (PS)/poly(4-vinylpyridine) (P4 VP) self-rolled into micro-
tubes, when exposed to a solvent selective for P4 VP chains, because of the strain generated by the
swelling of P4 VP layer. Oxidative pyrolysis of the polymer tubes at 700 °C removes all the organic
part of the tube and converts PDMS into silica. Moreover, by depositing a metallic layer on the
tripolymer layer, it was possible to obtain silica/metal hybrid tubes. The metallic layer can form the
inner or outer wall of the tube by depositing it over or under the PDMS layer. The fabricated tubes
were further characterized by optical microscopy, Fourier transform infrared (FTIR), high-resolu-
tion scanning electron microscopy (HRSEM), X-ray photoelectron sgectrosoopy (XPS), energy-
dispersive analysis (EDX), 2%Si solid-state nuclear magnetic resonance (*’Si NMR), and focused ion
beam (FIB). The silica and silica/metal hybrid tubes have potential applications in micro- and

nanofluidic devices, optoelectronic devices, and in catalysis.

1. Introduction

Recently, various structures of silicon dioxide have
been used in biological, medical, and biotechnological
applications.' ™ The properties of silica, especially its
high thermal and chemical stability, photoluminescency,
biocompatibility, and high strength, lead to many appli-
cations such as in nano and microelectronics, optoelec-
tronics, waveguide, and transport media for medical
applications.*”” Apart from silica tubes, in recent years,
silica/metal hybrid mesostructures have attracted much
interest because of the combination of their different
properties. Hybrid silica/metal composites are expected
to have many advantages and possible applications
in medicine, physics, and chemistry. For the catalytic
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applications, composites of silica with metals such as
gold, titanium, platinum, aluminum, etc., have been
synthesized.® '

In the past, a number of methods such as template-
based method,'" laser ablation,'*!? thermal oxidation,'*
and chemical vapor deposition'>'® have been reported to
fabricate silica tubes and wires. The major limiting factor
in these approaches is the problem of attaining high
aspect ratio. In this paper, we report a simple, novel,
and inexpensive robust preceramic procedure to fabricate
silica tubes of high aspect ratio. Preceramic polymers
have been widely used to synthesize ceramic film via
thermal curing and pyrolysis.'” Here, we used poly-
(dimethylsiloxane) (PDMS) as a precursor of silica.
PDMS is widely used as a precursor for the silica layer,
and the surface of PDMS can be converted to silicon
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oxide by various techniques such as low-temperature
plasma oxidation,'® UV/ozone treatment,'” 2! and pyro-
lytic degradation.?**

Recently, different three-dimensional structures of
semiconductor, metal, and polymer have been fabricated
using strain-driven self-rolling technique.>**° The strain
in the film can arise by unequal thermal expansion of top
and bottom layer,’! different crystal lattice constants of
top and bottom layer,?*”* or unequal swelling of film in
selective solvent.”*** The mechanism of rolling-up of the
polymer bifilms is very general and the strain is generated
because of the different degree of swelling of the consti-
tuting polymer layers. Polystyrene (PS) and poly(4-
vinylpyridine) (P4 VP) constitute a good choice of the
materials of the bilayer. PS demonstrates minimal water
uptake thus forming a stiff hydrophobic film upon expo-
sure to water. P4 VP is less hydrophobic and swells in
acidic aqueous solutions because of protonation of poly-
mer chains. The strained film, when allowed to relax,
releases strain and tries to attain minimum potential
energy by scrolling. The rolling of the layers results in
the formation of the tubes. Hence, by adopting such an
approach, micro and nanotubes were fabricated by self-
rolling of thin bilayer polymer films (PS/P4 VP) gradually
released from a solid substrate.***° The dimension of the
tubes was found to be affected by a number of parameters
and has been discussed elsewhere.* Recently, metal and
bimetallic tubes were also fabricated using the self-rolled
polymer tubes as sacrificial template.*”

In this work, we adopted the self-rolling phenomena of
polymer layers to produce silica and silica/metal hybrid
tube. A thin film of PDMS was rolled with the P4 VP/PS
bilayer resulting in the formation of PDMS/P4 VP/PS
trilayer polymer tube. These polymer tubes were then
pyrolyzed in an oxidative environment that converted
PDMS into silica and simulatenously removed the orga-
nic part of the tube. Furthermore, it will be shown that by
depositing a thin film of metal along with the PDMS
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layer, it is possible to fabricate silica/metal hybrid tubes.
The main advantage of this approach is the possibility of
the formation of ceramic tubes of very high aspect ratio
using a preceramic procedure. Furthermore, silica can be
combined with any metal or combination of metals for
fabricating silica/metal hybrid tubes.

2. Experimental Section

Materials. PDMS (Sylgard 184 silicone elastomer kit) was
obtained from Dow Corning. The PDMS solution consisted of a
mixture of base and its curing agent in a ratio 10:1 and was
degassed in a vacuum oven before making the solution in
diethylether. P4 VP (M, = 45900 g/mol, M, = 82500 g/mol)
and PS (M, = 600000 g/mol, M, = 654000 g/mol) were
purchased from Polymer Source Inc. Dodecylbenzenesulfonic
acid (DBSA), diethyl ether, chloroform, and toluene were
obtained from Aldrich. All chemicals were used without any
further purification.

Fabrication of PDMS/PS/P4 VP Tube. A bilayer of PS and
P4 VP was deposited on the cleaned silicon wafer from toluene
and chloroform solution, respectively. The thickness of PS was
60 nm and P4 VP thickness was 80 nm for all samples. Dip-
coater was used to deposit the films on the substrate. The bilayer
was cross-linked by UV radiation emitted through a UV lamp
(G8TS, TecWest Inc., USA). UV lamp had a particular 2.5W
output at 254 nm. The samples were exposed for 20 min and
estimated exposure dose for 20 min was 2.74 J/cm?. A 200 nm
thick layer of PDMS was deposited from the diethyl ether
solution, on the cross-linked bilayer. The PDMS layer was
thermally cross-linked at 120 °C for 2 h. Microstructuring of
the cross-linked layers was done by a sharp blade to introduce a
selective solvent in the bottom layer. The rolling of microstruc-
ture sample was done in an 4 wt % aqueous DBSA solution.

Fabrication of PDMS/PS/P4 VP/Au Tube. A thin layer of
gold (4—6 nm) was deposited on the cross-linked polymer layers
for fabricating the hybrid tubes. The gold layer was deposited by
sputter coater (Balzers SCD 050). Three different kind of hybrid
tubes were fabricated by depositing gold (a) before the PDMS
layer deposition, (b) after the PDMS layer deposition, (c) before
and after the PDMS layer.

Fabrication of Silica and Silica/Au Tube. The polymer tubes
after being rolled in the DBSA solution were dried in the air and
then pyrolyzed at 700 °C for 4 h in oxygen atmosphere and
allowed to cool down to room temperature. The pyrolysis
process removed the organic components in the tube and
transformed the PDMS layer into silica layer.

Characterization Techniques. The morphology and chemical
composition of the tubes were characterized by optical micro-
scopy, HRSEM, FTIR, EDX, XPS, and FIB. HRSEM was
performed using a Zeiss Ultra 55 Gemini scanning electron
microscope with an acceleration voltage of 5 kV. FTIR spec-
trum of the tube was obtained by FTIR spectrometer IFS 66v/s
[Bruker, Germany]. The spectrum were recorded in the trans-
mission mode for the sample on silicon wafer. The FTIR
spectrum of the sample was obtained after subtraction of
the neat silicon wafer spectra. Axis Ultra (Kratos Analytical,
England) spectrometer with Mono-Al Ka X-ray source of
300 W at 20 mA was used to record the XPS spectra of tubes.
The maximum information depth of the XPS method is not
more than 8—10 nm. EDX of the samples was carried out in a
Philips X130 scanning electron microscope. The openings in the
tubes were demonstrated using the FIB (Zeiss NEON 40 EsB).
The FIB system works at high vacuum (1.69 x 10~® mbar). In
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Figure 1. Optical micrographs of tube (a) before pyrolysis, (b) after pyrolysis.
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Figure 2. SEM micrographs of PDMS/PS/P4 VPpolymer tube before
pyrolysis. (a) Tubes rolled in opposite direction from the scratch,
(b) clearly visible rolled polymer layers with open end of tube.

FIB technique the samples were irradiated by 30 keV Ga™ ions
at 500 pA ion current. *°Si solid-state NMR of the unpyrolyzed
and pyrolyzed samples were acquired on a Bruker Avance 500
NMR spectrometer operating at a resonance frequency of
99.36 MHz for *Si using a Bruker BL3.2 MAS probe-head
accepting 3.2-mm o.d. zirconium rotors with a sample spinning
speed of 10 kHz. Single-pulse spectra have been recorded under
high-power 'H decoupling with an excitation pulse duration of
4 us and a recycle delay of 40 s. To reference 2°Si chemical shifts
Q8MS8 was used as an external standard, which gives a
Si(—CHy3); signal at 12.6 ppm relative TMS.

3. Results and Discussion

The formation of the silica and silica/metal hybrid
tubes consisted of a two-step procedure. In the first step,
PDMS/PS/P4 VP tube was fabricated; it was then further
subjected to pyrolysis in the second step to remove the
polymer moiety. An optical micrograph of self- rolled
polymer (PDMS/PS/P4 VP) tube before and after pyro-
lysis are shown in Figure 1. The direction of rolling is from
left to right in both samples. It was observed that large
density change occurs during the pyrolysis. This densifi-
cation led to 40—50% volumetric shrinkage of the tube.
However, the cylindrical shape of the tube was retained in
the course of pyrolysis. The diameter of the tubes before
and after pyrolysis were 7.1 and 3.3 um, respectively.

The morphologies of pyrolyzed and unpyrolyzed tubes
were further characterized in detail by HRSEM. Figure 2
shows the SEM images of polymer tube before pyrolysis.
Figure 2a shows the rolling direction of polymer layer
from a scratch. It is obvious that polymer layers roll in
opposite directions from the scratch. The cross-section of
the rolled polymer layer is shown in Figure 2b. The PS/P4
VP and PDMS layer can be distinguished in this image.
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Figure 3. SEM micrographs of tube: (a) before pyrolysis, (b) after
pyrolysis, (c) after annealing 1 h at 1200 °C.

The polymer layer completed three rolls before the rolling
was stopped by taking the sample out from the acidic
solution.

The morphology of tube’s surface changed signifi-
cantly after pyrolysis as shown in Figure 3. The as-rolled
polymer tube surface was observed to be quite smooth
(Figure 3 a) whereas after the pyrolysis wrinkles were
formed on the tube surface making it exteremly rough
(Figure 3b). Remarkably enough, the wrinkles on the
pyrolyzed tube were oriented parallel to the tube’s axis.
These wrinkles can be climinated by annealing of the
tubes via heating them over 1000 °C for some time. In our
preliminary experiments, the wrinkles were annealed at
1200 °C for 1 h (Figure 3c). However, this treatment leads
also to partial collapse of the tubes. More detailed study
is needed to determine the optimal temperature regime of
the wrinkles annealing.

The roughness of the tube surface should be due to the
inhomogeneous shrinkage of the structure. PDMS
shrinks during the pyrolysis process but the tubular shape
is maintained. The diameter of tubes was found to be
smaller than the unpyrolyzed reference tube. Therefore, it
was obvious that thermal decomposition of the polymer
tube was accompanied by the creation of the exterior
rough surface and partial mass removal from the polymer
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tube. This mass loss was due to the removal of organic
components during the pyrolysis.

The fabricated tube have hollow interior throughout
the length of tube. The open end of fabricated tubes was
confirmed by SEM as shown by images a and b in
Figure 4. The usual approach for obtaining the tube’s
cross-sections is simply breaking the silicon wafer sub-
strate. However, breaking of the substrate does not
provide the tube’s opening at exact position. The tube’s
opening can be obtained with high spatial resolution by
using FIB cutting. The exact positioning of the tubes on
the substrate and their opening at well-defined locations
is important for the construction of future tube-based
devices. Figure 5a shows two openings of a silica tube, one
opening created by breaking of substrate (mark no. 1) and

-1 200n

Figure 4. SEM micrographs of silica tube with open end (a) at lower
magnification (b) at higher magnification.

Figure 5. (a) Open end of silica tube by FIB (mark no. 2) as well as by
breaking of silicon wafer (mark no. 1), (b) enlarged image of marked part
of the Figure a.
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the other (mark no. 2) produced by FIB technique. A
magnified image of the marked rectangular part of
Figure 5a confirms almost perfect cylindrical shape of
the object (Figure 5b). It is worth being mentioned here
that except for the image of the tube presented in Figure 5,
the opening in all other tubes shown elsewhere in this
paper were imaged simply by breaking the silicon wafer.

The tube left after the pyrolysis process was entirely
composed of silica because it is well-known that PDMS
transforms into silica during the oxidative pyrolysis pro-
cess. The reaction proceeds by decomposition of the
PDMS producing amorphous SiO,.** Scheme 1 shows
the detailed reaction sequence:

The transformation of PDMS to silica was confirmed
by FTIR analysis of the tube before and after pyrolysis.
Figure 6 shows the spectra of pyrolyzed and unpyrolyzed
sample. The characteristic peak of Si-CHj3 appeared at
(1416, 1257, 804 cm™ ") and stretching vibration of CH;
and CH, bond are observed at 2959 and 2929 cm™ ! in
unpyrolyzed samples. These characteristic peaks of
Si-CH;, CHj, and CH, disappeared after pyrolysis at
700 °C. The characteristic peaks of Si—O asymmetric
stretching vibration in PDMS appeared at 1091 and
1026 cm™'. These peaks shifted to a higher wavenumber

1091

Tube after pyrolysis

Tube before pyrolysis 2959

700 29

1416
2 3024

Absorbance (a. u.)

500 1000 1500 2000 2500 3000 3500
Wave number cm'1

Figure 6. FTIR spectrum of PDMS/PS/P4 VP tube, before pyrolysis and
after pyrolysis.

Scheme 1. Transformation of PDMS into Silica by Oxidative Pyrolysis
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Figure 7. °Si MAS NMR spectrum of the PDMS (a) before pyrolysis
and (b) after pyrolysis.

region after heat treatment. The shifting of Si—O to
higher frequency is due to thermal transformation of
PDMS to silica and formation of a strong Si—O bond.
These shifting in frequency are related to change in
bonding characteristic, such as bond length and bond
angle.

Furthermore, the transformation of PDMS to silica was
also investigated by *°Si MAS NMR spectroscopy. The
2Si MAS NMR spectra of the unpyrolyzed and pyrolyzed
sample were shown in Figure 7. In unpyrolyzed sample
spectrum, two intense and sharp signals at —21.2 ppm and
12.3 ppm arise from Si-CH; groups within the siloxane
chain and at the chain ends, respectively, and are chara-
cteristic of linear PDMS. The group of the signals between
—96.0 and —123.4 ppm and a minor peak at —36.8 ppm are
attributed to other components (curing agents, etc.) com-
posing the commercial silicone elastomer used in this
study. In the pyrolzed sample, a single broadened signal
centered at —107.9 ppm covers a range of chemical shifts
characteristic of silica network, which extend from
—92 ppm for oxygen-bridged Si with two geminal OH
groups to —109 ppm for a networked silicon site bound to
four SiO moieties. Therefore, we attribute the spectrum of
the pyrolyzed sample to silica. Disappearance of chara-
cteristic PDMS peaks at —21.2 and 12.3 ppm in the
spectrum of the pyrolyzed sample clearly indicates com-
plete transformation of PDMS to silica.

Next, we discuss the fabrication of the silica/metal
hybrid tubes. Using the present self-rolling technique, it
was possible to fabricate any silica tubes in combination
with any metal. In the present study, we demonstrated the
formation of silica/gold hybrid tube. A 4—6 nm thin layer
of gold was deposited before or after the deposition of
PDMS layer. A polymer moiety was removed by oxida-
tive pyrolysis resulting in the formation of silica/gold
tube. Figure 8 hows the SEM micrographs of the hybrid
tube after the heat treatment. The presence of silica and
gold layer is clearly visible in the hybrid tubes. The
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Figure 8. SEM images of silica/gold hybrid tubes: (a) gold layer is
deposited on the top of thermally cross-linked PDMS layer; (b) gold film
is deposited before depositon of the PDMS layer; (¢) magnified image of
the rectangular part of b; (d) gold films deposited before and after the
PDMS layer.

thickness of gold layer (4—6 nm) is very small compared
to the thickness of silica film (150—160 nm). A bright thin
film in the tube corresponds to the gold layer, whereas
thick black color represent the silica layer. The number of
rolls can be calculated by the number of either gold or
silica layers. Three different kinds of silica/gold hybrid
tubes were fabricated by depositing gold layer after the
PDMS layer deposition (Figure 8a), before the PDMS
layer deposition (Figure 8 b), and, before and after the
PDMS layer (Figure 8d). A magnified SEM image of
Figure 8b is shown in Figure 8c. In the corresponding
Figure 8d, one can see the double gold layer in the middle
of two silica layers.

The surface chemistry of the silica and silica/gold
hybrid tubes was further characterized by XPS. Figure 9
shows the XPS spectra of polymer, silica and silica/gold
hybrid tube. The XPS spectra clearly revealed that the
intensity of the characteristics peaks of polymer Cls was
drastically reduced after the pyrolysis. The XPS spectrum
of silica tube showed characteristic peak of Si 2s, Si 2p, O
Isat 154 eV, 103 and 533.5 eV, respectively. For the silica
tubes the [Si]:[O] ratio was found to [Si]:[O] =0.467, which
is very closed to the stoichiometric ratio of SiO,. The
origin of the residual carbon (C s peak) in silica and
silica/gold tubes could be explained by nonspecifically
adsorbed surface contaminations, which are typical for
all metal and ceramic surfaces. The characteristic signals
of gold (Au 4ps3 0, 4p1 2, 4s, 4d3 2, 4ds)2, 4f7)2, 4f5)2, Sp3 2,
and 5p;») were also clearly observed in the XPS spectrum
of hybrid tube (Figure 9¢). Furthermore, Si and O peaks
also appear at their normal binding energies but the peak
intensity become very poor because the gold layer covers
the silica surface in hybrid tube.

The main advantage of the approach presented here is
the possibility of the formation of silica and silica/metal
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Figure 9. XPS spectra of tubes: (a) PDMS/PS/P4 VP, (b) silica tube,
(c) silica/gold hybrid tube.

hybrid tubes of very high aspect ratio. The length of the
tubes was limited only by the size of the substrate and of
the polymer film coated on it. Microtubes as long as 2 cm
were fabricated. Moreover, silica can be combined with
any combination of single or multimetals resulting in
hybrid tubes with a range of properties. The diameter of
the tube could be tuned by changing the thickness of
polymer/metal layers and the number of rolls can be
controlled by time of rolling. The silica tubes with more
controlled pore diameter could serve as promising host
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for drug delivery, whereas the silica/metal hybrid tubes
could find potential application in catalysis. Further-
more, high thermal and chemical stability, photolumi-
nescency, and biocompatibility of silica and silica/metal
hybrid tubes will also result in interesting applications of
these tubes in micro and nanoelectronics, optoelectronics,
waveguide, and micro- and nanofludic devices.

4. Conclusions

We demonstrated a novel approach for the fabrication
of silica and silica/gold hybrid tubes via self-rolling
approach. Polymer tubes made from a trilayer of
PDMS/P4 VP/PS were used as a precursor for such tube.
The thermal decomposition of the tubes via oxidative
pyrolysis led to the removal of organic moieties and
the transformation of PDMS into silica. The shrinkage
in the tube during the pyrolysis process led to the forma-
tion of silica tubes with pores of few hundred nanometers.
The silica and silica/metal hybrid tube have potential
applications in optical device (sensors, actuators), cata-
lytic components, and tissue engineering matrices. It
should be noted here that although in this study we
emphasized only silica and silica/gold hybrid, this novel
approach could also be used for the fabrication of other
ceramic or ceramic/metal hybrid tubes.
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