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This study reports the use of monodisperse Au nanoparticles (NPs) as a catalyst for growing silica
nanorings (NRs) and nanowires (NWs). Combining spin coating and optical lithography strategies
makes it possible to fabricate pattern-monolayer Au NPs that self-assemble on a 3-
aminopropyltrimethoxysilane (APTMS)-modified silicon substrate. This can be used as a catalyst for
the selective-area growth of silica NRs and NWs. Cathodoluminescence (CL) analysis reveals these
NRs and NWs materials exhibit a blue-light emitting phenomenon. The novel optical properties of
these materials are advantageous in applications for light-emitting devices with nanoscale dimensions.
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1. INTRODUCTION

Silica is one of the forms of silicon, which is the second most abundant natural element on
earth. Silica generally consists of non-crystallized and disordered atoms [1,2]. Silica material has great
technological importance in silicon-based very large scale integrated (VLSI) circuit technology. For
example, the application of insulating silica thin films to semiconductor devices has been well-
developed for specific tasks, including surface passivation, field effect transistor (FET) gate layer,
isolation layers, planarization, and packaging [3]. Silica is also a widely used ceramic material both as
a precursor to the fabrication of other ceramic products, and as a material on its own [1].
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One-dimensional (1-D) silica nanostructures has received much attention for their applications
in nanodevices, including low-dimensional waveguides, scanning near-field optical microscopy, blue
light emitters, nanoscale optical devices, and biosensors [3-7]. Silica nanostructures have been
fabricated using methods such as thermal evaporation [5], laser ablation [6], sol-gel [8], chemical
vapor deposition (CVD) [9], and direct thermal oxidation of Si wafer processes [10-12]. Amount these
fabrication strategies, an easy fabrication technique of direct thermal oxidation of Si wafer processes
has been demonstrated to grow silica NWs and silica nanocables [11]. Amorphous silica NWs can be
grown on a crystalline silicon substrate by first depositing a thin metal film on the substrate surface
and then heating it to elevated temperatures in an inert atmosphere containing trace amounts of oxygen
[4].

Apart from NWs, researchers have recently shown a great deal of interest in nanometer-sized
rings (nanorings, NRs) from theoretical, experimental, and device perspectives [13]. NRs are artificial
nanoscale clusters that confine electrons in three dimensions to generate unique physical properties.
These properties include persistent currents in metallic [14] or superconducting rings [15], tunable
optical resonance in metal rings [16], novel magneto-optical behavior in semiconductor rings [17],
magnetic response for applications involving patterned perpendicular recording media [18,19], and
novel ring-shaped magneto resistive random access memory (MRAM) [20]. NRs have been fabricated
using various methods, including electron beam techniques [2], nanosphere lithography [21], porous
alumina template methods [13], DNA template methods [22], particle imprinted template methods
[23], and nanomechanical architecture driven by the strain of the Si/Ge layer [24]. However, the ability
to develop non-physical deposition techniques, to assemble, and to integrate nanorings into two-
dimensional (2D) nanostructure on a substrate remains a challenge.

The self-assembly method, which is an essential part of nanotechnology, is one of the best non-
physical deposition techniques for building 2D nanostructures [25]. Previous studies have employed
the self-assembly technique utilizing the chemical interaction between NPs and the substrate surface
[26]. For example, organic molecules containing thiol (-SH) or amine (—-NH;) can be adsorbed on the
gold surface to form a well-organized self-assembly monolayer [27]. The self-assembly monolayer
process has also been carried out using the immersion method to fabricate a sandwich structure of
substrate/organic intermediate/metal NPs [28]. When organizing the sandwich nanostructures, the spin-
coating method is far superior to the immersion method for the rapid fabrication of exposed Au NPs
attached to APTMS-modified silicon substrate [29,30].

This study reports the successful growth of silica NRs and NWs at specific regions of self-
assembled monolayer Au NPs. The spin-coating strategy is a feasible method for controlling the
density of self-assembled Au NPs that treated as a catalyst for growing silica NRs on a silicon
substrate. Results show that the growth temperature plays an important role in growing silica NRs or
NWs. The experiments in this study also employed optical lithography to pattern Au NPs on the
substrate and treating them as a catalyst for the selective growth of silica NRs and NWs. Silica NWs
exhibit very strong and sharp ultraviolet emission from neutral oxygen vacancies at room temperature.
Therefore, the proposed fabrication of large-scale silica NRs or NWs is easy, low cost, and highly
efficient, making it conducive to practical light-emitting device applications, and especially in the
nanoscale dimension.
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2. EXPERIMENT

2.1 Materials and reagents

Sodium citrate, hydrogen tetrachloroaurate(HAuCl,), and 3-aminopropyltrimethoxysilane
(APTMS) were purchased from Acros (Acros Organics, Geel, Belgium). HPLC grade of ethanol was
purchased from J.T. Baker. THMR-ip3650HP resist (TOK, Tokyo, Japan) was employed for I-line
exposure. After exposure, the resists could be removed completely after developing with 2.38%
tetramethylammonium hydroxide (TMAH, TOK, Tokyo, Japan). De-ionic water (>18 MQ cm™) was
used throughout the preparation of the Au NPs.

2.2 Growth of silica NRs and NWs

Si (100) wafer were cleaned in a boiling piranha solution (H,O2:concentrated H,SO4, 3:7, v/Vv)
for 10 min, and then rinsed with de-ionized water and ethanol. The synthesis of Au NPs and their self-
assembled on silicon substrate procedures were similar to our previous work [23,24]. Briefly, the Au
NPs were self-assembled on 1 cm x 1 cm Si (100) wafer that pre-fabricated with sandwich structure of
Si wafer/thin oxide layer/organic amine terminal layer. The silica NRs and NWs were grown by
heating of the substrates with self-assembled Au NPs treated as the catalyst at 900 °C or 1050 °C for 1
h in N, atmospheric, respectively.

2.3 Apparatus

The morphology of Au NPs and the catalyzed growth of silica NWs on silicon substrate were
monitored by a field emission scanning electron microscope (FESEM) using a JEOL JSM-6700F SEM
operating at 15 kV accelerating voltage. In addition, a JEOL-2010 transmission electron microscope
(TEM) operating at 200 kV was used to monitor the silica nanostructures. The cathodoluminescence
(CL) spectra were acquired with an electron probe microanalyzer (Shimadzu EPMA-1500) attached to
a SEM. CL spectra were accumulated in a single shot mode with an exposure rate of 1 nm/s. All of the
CL spectra were taken at room temperature. An optical lithography (I-line i** stepper, Canon, Japan)
was used for patterning the Au NPs on silicon substrate, which fabrication procedures were the same as
described previously [29,30].

3. RESULTS AND DISCUSSION

Figure 1 depicts the method used to fabricate silica NRs. The fabrication processes can be
briefly divided into four steps: (1) APTMS-functionalization of the Si substrate, (2) self-assembly of
Au NPs on APTMS, (3) catalytic growth of silica NRs on Au, and (4) removal of Au NPs. The first
step deposits a large-scale monolayer APTMS on the Si (100) wafer using a thin oxide layer. The
second step deposits the Au NPs onto the amino-terminated bonding using a spin-coating method.
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After dipping the substrate in a solution of Au NPs, holding for the desired time duration, and spinning
out the extra solution using a spin coater at a speed of 1000 rpm, the substrate is immediately rinsed
with de-ionized water and dried under a N, purge. The third step grows silica NRs by heating the
substrates with self-assembled Au NPs at 900 °C for 1 h in a N, atmosphere. The fourth step removes
the Au NPs by sonicating in de-ionized water for 10 min.

APTMS Bonding j )
Bondiii T An Au Au

SiO, APTMS
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Figure 1. The procedure used to fabricate silica NRs on the silicon substrate.

Figure 2a shows a top-view SEM image of Au NPs self-assembled on the Si substrate. After a
deposition period of 10 min, the diameters and density of Au NPs are 10.5 + 1.9 nm and 1.5x10° per
micron, respectively. Subsequently, silica NRs were formed at the edge of Au NPs after annealing at
900 °C for 1 h (Fig. 2b). The diameters and density of Au NPs are appreciably changed into 12.7 =£2.9
nm and 1.4x10? per micron, respectively. A comparison of Fig. 2a and b reveals that the Au NPs are
significantly different from the original sizes and density. This is probably because neighboring Au
NPs start to aggregate, form larger clumps and reducing the density after annealing at 900 °C for 1 h.
This can be attributed to the coarsening of the Au structure driven by minimizing the total surface
energy [31]. Silica NRs formed well after removing the Au NPs by sonicating in de-ionized water, as
shown in the SEM image of Fig. 2c. The high magnification SEM image in the inset image of Fig. 2c
shows a concave structure for one of the silica NR. The average outer diameter of a single ring is 16.9
+ 3.8, with an average width of 3-7 nm. The self-assembled bonding between Au NPs and APTMS
may fracture under high-temperature annealing, making it easy to remove Au NPs by sonication.

The quantity of Au NPs and silica NRs varies greatly, and increases with increasing holding
time of spin coater (Fig. 2d). These results confirm that the holding time of spin coating for Au NPs
plays a crucial role in determining the density of Au NPs on the surface of the silicon substrate and the
subsequent catalytic growth of silica NRs. In contrast, if there were no Au NPs for catalysis and
growth of silica NRs, the futureless structure would appear on the silicon wafer. The results above
indicate that spin-coating is an easy method for the density controllable self-assembly of Au NPs and
the subsequent catalytic growth of silica NRs on a silicon wafer. Previous NR growth methods cannot
change the ring size while effectively controlling the density method [13,21]. The well-defined
diameters of Au NPs and spin-coating strategy in this study make it possible to grow different densities
of silica NRs with uniform sizes.
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Figure 2. (a) A top-view SEM image of Au NPs were self-assembled on the silicon substrate, (b)
annealing at 900 °C for 1 h in a N, atmosphere, (c) removing the Au NPs by sonicating in de-
ionized water for 10 min. (d) Curve of the deposition time versus the density of the Au NPs and
silica NRs.
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Figure 3. (a) TEM image of an Au NP in Fig. 2b. (b) HRTEM image of the silicon substrate in Fig. 3a.
(c) The SAED pattern of the silicon substrate in Fig. 3b. (d) HRTEM image of the silica film in
Fig. 3a. (e) The FFT of HRTEM image of the silica film in Fig. 3d. (f) The EDS spectrum of
the Au NP in (a).
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Figure 3a shows a cross-section TEM image of an Au NP covering silica. The average
thickness of silica film is about 20 nm. Figures 3b and ¢ show a high-resolution TEM (HRTEM) image
taken from part of the silicon substrate and the corresponding selected-area electron diffraction
(SAED) pattern, respectively. The HRTEM image clearly shows single-crystalline lattice fringes along
the [010] zone axis. The measured lattice spacings observed in HRTEM are 3.3 and 1.9 A, which agree
with the (101) and (200) lattice spacings of the Si structure, respectively. Both HRTEM image and
diffraction pattern reveal that the growth axis of silicon is parallel to the [100] crystallographic
direction. Figure 3d shows a HRTEM image of silica film taken from the side section of the silicon
substrate. Figure 3e shows a fast Fourier transform (FFT) of the HRTEM image in Fig. 3d. The
amorphous phase is further confirmed by FFT (Fig. 3d), which scatters into a halo feature [32]. The
EDS spectrum in Fig. 3f reveals the composition of Au NP with a gold component and the
compositions of Si and O on the upper layer of the structure. These results confirm that the Au NP is
covered with silica.

Figures 4a and b respectively show low and high magnification SEM images of a substrate
covered with silica NWs by heating the silicon substrates with self-assembled Au NPs at 1050 °C for 1
h in a N, atmosphere. The average diameters and lengths of the silica NWs are approximately 65 + 4.3
nm and 15.4 + 1.8 um, respectively. These results are similar to previous reports. Controlling the size
of Au NP catalysts is a remarkable way to control Si NW sizes. Therefore, monodisperse Si NWs were
synthesized through the well-defined diameters of Au NPs catalyst using a VLS synthesis strategy
[30,33]. The Au NPs in this study also effectively control the growth of silica NWs with uniform sizes.
The silica NWs can be directly grown on a silicon substrate, which acts as the silicon source. The
growth mechanism is part of a solid-liquid-solid (SLS) method. The SLS growth method is a relatively
straightforward way to synthesize silica NWs because it does not require a gas phase precursor.[4]
Figure 4c and its inset show TEM image taken from part of an individual silica NW and SAED pattern,
respectively. The SAED pattern reveals that the silica NW is of the amorphous phase. The EDS
spectrum (Fig. 4d) shows that the elements of Si and O are present in the silica NW. The atomic ratio
of Si and O is close to 1:2. Compared with the silica NR in the discussions above, the reaction
condition of silica NW differs only in growth temperature. These results confirm that the formation of
silica NR or NW is achieved by controlling the adequate reaction temperature.

Researchers have recently spent great efforts on nanopattern assembly and realizing the
position-control of Au NPs on solid substrates [34-36]. Some studies have developed rapid and precise
selective growth of self-assembled NPs using an electron-beam or optical exposure system with
commercial chemically amplified resists [34]. Atomic force microscopy (AFM) was used to locally
oxidize the silicon surface and perform the spatially selective deposition of Au NPs via specific
chemical interaction [35,36]. In addition, our previous study has reported the fabrication of selectively
patterned Au NPs on silicon wafer with the thick silicon oxide film using optical lithography [29]. In
the SLS growth method, the thick silicon oxide layer may prevent silicon source evaporation from the
silicon wafer. This phenomenon suggests that silica NRs and NWSs cannot effectively grow on
patterned structures. Therefore, in this present work, the silicon wafer with thin oxide layer was used to
grow silica NRs and NWs using an SLS growth mechanism. The patterned structures in this study are
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simple to produce, easily controllable, and highly reproducible, making this approach suitable for
further studies of nanodevices and their properties.
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Figure 4. (a) Low and b) high magnification SEM images of the silica NWs grown on the silicon
substrate. (c) TEM image and the inert SAED pattern of a silica NW in (a). (d) The EDS
spectrum of the NW in (c).

Figures 5a and b respectively show low and high magnification SEM images of a sample with
self-assembled Au NPs in an I-line pattern. These figures demonstrate Au NPs grown on selective
areas of the silicon substrate, which is ready for the catalytic growth of silica NRs and NWs. Figure 5¢
shows an SEM image of silica NRs grown on a substrate patterned with the Au NPs shown in Fig. 5a.
This pattern can also provide direct evidence to understand the catalytic roles of Au NPs in the silica
NRs growth processes. These results further confirm that Au NPs patterns can also control the
positions of silica NWs, as shown in Fig. 5d. This study proves that combining optical lithography and
spin coating method is a useful approach for fabricating pattern-growth silica NRs or NWs.

Cathodoluminescence is a useful technique for characterizing the optical properties of
nanostructures [37]. Since CL uses an electron beam for excitation, it can feasibly to excite only a
single or a small group of nanostructures. Thus, this study also employs CL to measure the optical
properties of the produced silica NRs and NWs. All of the CL spectra were taken at room temperature.
Figure 6a shows a CL spectrum of the silica NRs were grown by heating the silicon substrate with self-
assembled Au NPs at 900 °C for 1 h. The weak UV emission appears at approximately 430 nm (2.88
eV). Amorphous silica films are frequently used as passivation or insulation layers in integrated
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circuits (IC), and the photoluminescence (PL) properties of various silica glasses have been studied
extensively [38]. Nishikawa et al. observed several luminescence bands in various types of high purity
silica glasses, with different peak energies ranging from 1.9 to 4.3 eV under 7.9 eV excitation [39]. It
was demonstrated that the 2.7 eV (ca. 460 nm) band was ascribed to the neutral oxygen vacancy. The
blue light emission from the silica NRs can be attributed to the neutral oxygen vacancies mentioned
above.

Figure 5. (a) Low and (b) high magnification SEM images of the Au NPs patterned on the silicon
substrate. (c) SEM image of silica NRs that were grown on the substrate with patterned Au NPs
as shown in (a). (d) SEM image of silica NWs that were grown on the substrate with patterned
Au NPs as shown in (a).

Figure 6b shows the CL spectra of silica thin film and silica NWs grown by heating the silicon
substrate without and with self-assembled of Au NPs and treated with 1050 °C for 1 h. For silica thin
film, a weak UV emission appears at approximately 452 nm (2.74 eV). The thickness of silica thin film
is approximately 62 nm (not shown). The CL spectrum from silica NRs with a width of only 3-7 nm
and a thin oxide layer produce a 22 nm (0.14 eV) shift in the emission peak. The blue shift is attributed
to the quantum confinement effect arising from the reduced size of the widths and thicknesses [37].
For silica NWs, a very sharp and strong peak appears at approximately 454 nm (2.73 eV). Wang et al.
reported that the fully oxidized silica NWs have a weak PL peak at approximately 600 nm [40]. Liu et
al. showed that two broad PL peaks of SiO, were clearly distinguishable at approximately 470 and 420
nm [41]. In addition, Zhu et al. reported two broad PL peaks of SiOy at approximately 430 and 570 nm
[42]. In the current study, the silica NWs emits stable, bright blue light and only one peak at an energy
of 2.73 eV. The intensity of the emission is four times higher than that of silica thin film. This
extraordinarily intensive blue light emission could be attributed to defect centers of oxygen deficiency
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in the wires. The enhancement in only one UV peak optical properties facilitates the application of
silica nanowires for nanoscale light-emitting devices.
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Figure 6. Cathodoluminescence spectra of (a) silica NRs, (b) silica thin film, and (c) silica NWs on the
silicon substrate.

4. CONCLUSION

Amorphous silica NRs and NWs were synthesized using direct thermal oxidation of Si wafer
processes. The combination of self-assembly monolayer and direct thermal oxidation of Si wafer
processes provides a large-scale, easy, and low cost fabrication method that will be of tremendous
value in practical applications of growing silica nanodevices. This study combines optical lithography
and spin coating method to fabricate Au NPs patterns that can accurately control the positions of silica
NRs and NWs. The silica NWs in this study exhibit only one UV emission peak, which is very strong
and sharp. The resulting enhancement in UV optical properties is advantageous to applications for
nanoscale light-emitting devicesd.
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