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ABSTRACT
We demonstrate the method of transferring aligned single crystal silicon nanowires (SiNWSs) to transparent
substrate. The alignment of the transferred nanowires is almost identical to the original one. The density of the
transferred SINWs can achieve 3x10” nanowires/mm”. The low temperature fabrication processes are compatible for a
wide range of substrates. The transmission coefficient below 10 % at a wide bandwidth, 400-1100 nm, was found in the
transferred SINWs. The high dense aligned SiNWs are promising for future photovoltaic applications.

Keyword: silicon, nanowires, transfer, transparent, aligned, low temperature, electroless, transmission spectrum, SEM,
bending stress.

1. Introduction

In recent years, applications of electronic devices on glass and plastic substrates have attracted a lot of attention.
Many methods have been developed to directly fabricate high performance semiconductor electronic devices on these
substrates, including wet transfer', contact print’, and self-assembled’ methods. Among these methods, transfer of
semiconductor nanowires attracted considerable attention owing to their novel properties resulting from their unique
geometry.*” Semiconductor nanowires can be made as active device elements and passive interconnects simultaneously.
Besides, ultra-large surface-to-volume ratio and quantum confinement effect made a wide range of applications,
including field-effect transistors'?, light emitting diodes'", lasers'?, photo-detectors”, bio/chemical sensors'® ',
photovoltaic applications'®'® and thermoelectric devices'*?’. Some researchers have successfully demonstrated parallel
nanowire devices on the plastic substrates. However, the density of nanowire devices was restricted by the architecture of
the parallel-aligned nanowires. In comparison to the parallel nanowire devices on the plastic substrates, the architecture
of vertically aligned nanowires can achieve high dense electronic devices, and are promising for photovoltaic
applications, and field emission display applications. Yet, to date, vertically-aligned nanowires on glass or plastic
substrates have not been demonstrated.

In this work, we presented a method of transfer of vertically-aligned single crystalline silicon nanowires
(SiINWSs). The advance of Si technology makes Si the most important materials for electronics industry. As the Moore’s
law pushes the feature size down to the nanometer scale, SINWs continues to attract significant attention because they
have potential applications even beyond electronics. The mature technique of silicon USLI made silicon nanowire
promising to be integrated on plastic or glass substrates. SINWs can be fabricated using chemical vapor deposition
(CVD)*, laser ablation’, and solution methods™. High-temperature hazardous silicon precursors, complex equipment,
and other rigorous conditions are often required. Our method is based on a simple bonding process that enables the direct
transfer of vertically-aligned SiNWs from a silicon wafer to a receiver substrate. The process is compatible with a wide
range of receiver substrates, including glass and plastics.
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2. Synthesis of silicon nanowires

SiNWs used in transfer processes were prepared by an aqueous electroless etching (EE) method, as the method can
synthesize wafer-scale vertically-aligned SiNWs. The working principle of synthesizing SiNWs is the galvanic
displacement reaction; that is, the reduction of metal ions (cathodic process) and the oxidation of Si atoms (anodic
process) occur simultaneously at the Si surface®. An n-type 1-10 ohm-cm Si (100) wafer was used to synthesize SINWs
in an aqueous solution of AgNO; and HF acid. The solution concentration of AgNO; and HF are 0.023 and 5.6 molL™,
respectively. The mechanism based on Ag-enhanced electroless etching of silicon wafer was described in the following.
First, Ag+ ions in the vicinity of the silicon surface capture electrons from the Si valence band (VB) and oxidizing the
surrounding lattice, which is subsequently etched by HF. The energy levels of the Ag+/Ag system lie well below the Si
VB edge, so they more likely interact with the VB bonding electrons of silicon and active kinetics are expected for the
electron-capture process. Ag+ ions are deposited in the form of metallic Ag nuclei on a nanoscopic scale on the wafer
surface, thus delimiting the spatial extent of the oxidation and etching process. Further reduction of Ag" occurs on the
nanoparticles, not the Si wafer, which becomes the active cathode by electron transfer from the underlying wafer. The
arrays of SINWs will be formed vertically and covered large areas on the Si wafer. Then, the arrays of SINWs were
washed in a concentrated nitric acid bath to remove all Ag dentritic structures from the nanowire surfaces. Finally, the
SiNWs were immersed in the buffer-oxide-etch to remove oxide layer on the SINWs.

SiNWs arrays prepared by this method were aligned and covered the area up to the wafer size. The length of these
SiNWs could be adjusted by the etching time. Figure 1 shows the scanning electron microscopy (SEM) images of the
cross-section of SiINWs arrays at the etching time, 20, 30, and 40 min. The length of SiNWs etched with the above
etching time was 5.42, 7.08, and 11.32 um, respectively. These SiNWs were 10 - 300 nm in diameter. The top
morphology of arrays SiNWs was greatly influenced by the etching time of the Si wafer in the AgNO; - HF solution. At
etching time, 20 and 30 min, SINWs were vertically aligned on the Si wafer as shown in the figure 1(a). However, at the
etching time, 40 min, the top morphology of SiNWs formed large nanowire bundles as shown in figure 1(b). The size of
the SiNWs bundles was about 3-5 um, which was much larger than the diameter of SiNWs. We though that the
morphology of very long SiNWs was influenced seriously by the surface tension of the solution used in synthesizing
SiNWs. The morphology of the SINWs greatly influenced the transfer of SINWs, and the reason will be discussed later.
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SEI 15.0kV 1,000 10um WD 11.1mm

Fig. 1 The scanning electron microscopy image of the as-etched silicon nanowires. Figure (a) and (b) are the top view of the SEM
image of as-etched SiNWs with length, S5Sum and 11um.

3. Transfer of silicon nanowires

The transfer method of SiNWs involves direct bonding of Si wafer, consisting of vertically aligned EE SiNWs, on
top of a receiver substrate coated with PMMA [poly(methyl methacrylate)]. The schematic of the process flow for transfer of
SiNWs is shown in figure 2. The solution of PMMA/chloroform (CHCI;) were prepared by weight in concentrations of 2.5
wt.%. The PMMA solution was spin coated on the receiver substrate. The thickness of the PMMA thin film was 390 nm.
In the bonding step of transfer method, the PMMA were first heated to 215 °C, above the glass transition temperature of
PMMA, 105 °C. The Si wafer with SINWs was then pressed against the receiver substrate and held there until the
temperature dropped below the PMMA's glass transition temperature. Various pressures were tested and it was found
that the pressure influenced the density of the transferred SINWs. During the bonding process, SINWs were inserted into
the PMMA thin film and anchored on the PMMA film. Finally, a gentle instant force was treated on the edge of the host
wafer, and the SINWSs on the host wafer were cleaved. The vertically aligned SINWs were transferred onto the receiver
substrate. Because the transfer process was carried out at low temperature, a wide range of materials of receiver substrate
could be used.

(a) (b) (c) (d)
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Fig. 2 Schematic of the method of transferring silicon nanowires onto receiver substrate.

4. Result and discussion
The scanning electron microscopy (SEM) images of transferred SINWSs on a receiver substrate are shown in Figure
3 (a), clearly demonstrating vertically-aligned SiNW films. The bonding pressure in the transfer process was about 8.78
kg/cm®. The SiNWs with length of 5.42 um were transferred successfully onto the receiver substrates. The top-view
SEM image shows that the density of transferred SINWs is about 1x10° nanowires/mm”. The density is significantly
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lower than that of original SINWs. This result indicated that the pressure in the bonding process was not high enough.
The length of the inserted SiNWs in PMMA was less than 100 nm as shown in figure 3 (b). This can not make the
SiNWs be tightly bonded on the PMMA film. Therefore, the SINWs could be removed easily from the receiver substrate.
Under the same bonding pressure, we attempted to transfer SINWs with length of 11.32 um onto the receiver substrate.
However, little SINWs were transferred onto the receiver substrate. Instead, many holes and cracks formed on the
PMMA film, and the size was about 1 — 10 um. The size of the holes and cracks was similar to that of the bundles of
SiNWs as shown in figure 2. It is suggested that individual SiNWs in the SINWs bundles were not bonded to the PMMA
film. Therefore, the SINWSs can not be transferred onto receiver substrate, and holes and cracks formed on the PMMA
film.

—_—
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Fig. 3 The SEM 1mage of the transferred SINWs. (a) 5 um SiNWs were transferred. (b) 11 um SiNWs were transferred

In order to increase the density of the transferred SINWs on the receiver substrate, we increased the bonding
pressure to 55 kg/cm’ in the bonding process. The density of transferred SINWs with a length of 5.42 um increased to
3x10” nanowires/mm?, as shown in the figure 4(a). Most transferred SiNWs were vertically aligned on the receiver
substrate as the original ones. The length of the inserted SiNWs in PMMA increased to 300 nm, which is much longer
than that under the pressure, 8.78 kg/cm”. This caused that individual SINWs could be tightly bonded on the PMMA film
even though the original SiNWs formed SiNWs bundles. Therefore, the SiNWs with length 11.32 um can also be
transferred successfully under this condition, as shown in figure 4(b). The transferred SINWs did not form SiNW
bundles in comparison to the original ones. Most SINWs can be cleaved and transferred on the PMMA film when the
instant force was treated on the side of original Si wafer in the transfer process. Therefore, the low temperature processes
can be used on the glass substrate. In addition, the transfer method did not influenced by the material of the receiver
substrate or the crystal orientation, so vertically-aligned architecture of SINW did not changed after transferring onto
glass substrates.
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Fig. 4 The SEM image of the transferred SINWs with a bondlng pressure, 55 kg/cm”.
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One of the reasons that the transfer of vertically aligned SiNWs was demonstrated successfully is due to the
contact area between the SiINWs and the PMMA film. Ultra-large surface area of SiNWs made the transfer method
success. As illustrating in figure 5, the SiNWs will be inserted into the PMMA film when a pressure was treated on the
host substrate during the bonding process. The PMMA wrapped round the SiNWs. The contact area between the SINWs
and the PMMA film will be larger as the depth of the SINWs inserting into PMMA film is deeper. However, the contact
area between the SINWs and the host substrate is much smaller than that between the SINWs and the PMMA film. The
contact area is equal to the diameter of the SINWSs. Therefore, when the force is treated on the edge of the host substrate,
SiNWs will be cleaved at the ends of SINWSs close to the host substrate, but not close to the PMMA film.

The inserting depth of SiINWs also influenced the transfer processes, when the SINWs formed bundles. As shown
in figure 1(b), large SINW bundles formed. This kind of SINWs could not be transferred successfully onto the receiver
substrate under the bonding pressure, 8.78 kg/cm”. This is because the PMMA can not flow into the bundles of SiNWs.
The phenomenon was illustrated in figure 5(a). At the end of the SINW bundles, SINWs will contact each other, and no
space between SiNWs can be filled by PMMA. Some SiNWs can not be bonded in the PMMA film. Therefore, the
bundles of SINWSs can not be transferred. However, as the bonding pressure was increased, the bundles of SINWs can be
transferred successfully as shown in figure 4(b). The inserting depth of SINWs in PMMA increased as the bonding
pressure increased. Then, there was space between SiNWs, and PMMA can flow into bundles of SINWs as shown in
figure 5(b). This caused that the bundles of SINWs can also be bonded tightly in the PMMA film, and made the bundles
of SiNWs be transferred successfully.

Low presswure

High pressure

(b)

4— SINWg —p

+—PNMMA —»

Receiver substrate Receiver substrate

Fig. 5 The schematic of bonding the bundles of SINWs under different pressure. (a) low pressure condition. (b) high pressure
condition.
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Fig. 6 The schematic of the mechanism of the transferring SINWs.
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The second reason is due to the different extent of the bending stress of the ends of SINWs close to the side of the
host substrate and the PMMA film. The maximum bending stress of SINWs has been studies. The self-welded SINWs
could withstand a maximum bending stress in the range of 210—830 MPa, which also depended on the nanowire diameter
and loading conditions®*. The beam broke close to the loading point, rather than at the self-welded junction, indicating
the excellent bond strength of the self-welded junction. In our transfer method, the SINWs will be bended by the force
treated on the edge of the host material. The bending of SINWs can be illustrated as figure 6. The bending of SINWs
close to the host substrate will be more serious than that close to the PMMA film. The serious bending stress causes the
SiNWs to be cleaved along the crystal planes of SiNWs close to the host substrate. This is because the PMMA has a
much lower elastic modulus than that of silicon and the excellent bond strength of PMMA film. The bending stress of
SiNWs near the side of the PMMA will be relaxed. After being cleaved from host substrate, SINWs will return to the
original vertically-aligned architecture. Therefore, the SINWs can be cleaved at the side of the host substrate and
vertically aligned on the receiver substrate.
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Fig. 7 The transmission spectrum of the transferred SINWSs on the glass substrate.

The reduction of optical loss is one of the important factors in obtaining high-efficiency Si solar cells. To achieve
this goal, the top surface of the solar cells is generally texturized or covered with an antireflection coating (ARC). It is
well known that porous silicon (PSi) can reduce the reflectance to 5.8% in the 400-1000 nm wavelength range and
therefore can replace other surface-textured microstructure and antireflection coatings. Vertically-aligned SiNWs have
been expected to have further improved optical characteristics compared to planar materials'®. The optical
reflectance of a typical SINWs has been extensively studied. The results showed that the reflection of light is
significantly reduced. The SiNW arrays could intensively suppress the reflection drastically over a wide spectral
bandwidth ranging from 300 to 1000 nm. The reflectance about 1.4% or much less over the range of 300-600 nm for the
arrays on Si substrates has been found”*. However, the transmission spectrum of the vertically-aligned SiNWs has
not been studied, owing to the difficulties to fabricate SINWs on transparent substrate. Here, we can study the
transmission properties of vertically-aligned SiNWs on the glass substrate by using the novel transfer method.
Figure 7 shows the optical transmission spectrum of vertically-aligned SiNWs. The SiNWs shows weak
transmission over the wide spectral bandwidth of 400-1000 nm. Note that the transmission of 7 um SiNWs
array is only 10 % or less in the range of 400-1000 nm. The remarkably low transmission is attributable to the
ultrahigh surface area and subwavelength structured surface. Besides of significant reduction of reflection
coefficient, the vertically-aligned transferred SiNWs on glass has low transmission coefficient found in this work.
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5. Conclusion
In this paper, we demonstrated the transfer of aligned single crystal silicon nanowires on the transparent substrate

successfully. The low temperature fabrication processes are suitable for photovoltaic applications on glass or plastic
substrates. The silicon nanowires were first fabricated on a silicon wafer in the metal ionic HF solution at room
temperature by selective etching of the silicon wafer. The PMMA was deposited on ITO glass by spin coating method.
Then, the silicon nanowires were pressed upon the PMMA thin film at the temperature of 215 °C. Finally, the silicon
substrate was removed and the silicon nanowires were transferred onto the PMMA thin film. The alignment of the

transferred nanowires is almost identical to the original one. The length of silicon nanowires is about 4 pm and the width

is about 100 nm on PMMA thin film. For photovoltaic applications, nanowire materials with significant high optical
absorption coefficient have attracted much attention. The low transmission coefficient was observed on the transferred
SiNWs.
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