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SILICON AND SILICA NANOSTRUCTURES AND METHOD OF MAKING THEM

[0001] This application claims the benefit of priority under 35 U.S.C. § 119 of U.S.
Provisional Application Serial No. 62/020,027, filed on July 2, 2014, the content of which is

relied upon and incorporated herein by reference in its entirety.

BACKGROUND
[0002] The disclosure relates to silicon and silica nanostructures, and more particularly to
silicon and silica nanotubes and nanowires. The disclosure also relates to a method of
making silicon nanostructures by reactive ion etching of a silica-containing glass substrate
and a method of making silica nanostructures by reactive ion etching of a silica-containing
glass substrate to prepare silicon nanostructures and oxidation of the silicon nanostructures to

produce silica nanostructures.

SUMMARY

[0003] One embodiment is a composition comprising one or more silicon nanostructures,
such as silicon nanotubes, and a silica-containing glass substrate. As a result of the process
used to prepare the silicon nanostructures, the silica-containing glass substrate comprises one
or more nanopillars and the one or more silicon nanostructures extend from the nanopillars of
the silica-containing glass substrate. The silicon nanostructures include nanotubes and
optionally nanowires.

[0004] A further embodiment is a method for preparing silicon nanostructures on a silica-
containing glass substrate. The method includes providing one or more metal nanoparticles
on a silica-containing glass substrate and then performing reactive ion etching of the silica-
containing glass substrate under conditions that are suitable for the formation of one or more
silicon nanostructures. During the reactive ion etching process, the silica-containing glass
substrate is etched in the regions surrounding the metal nanoparticles, the metal nanoparticles
acting as an etching mask. Accordingly, the reactive ion etching results in a substrate having
pillared structures under the metal nanoparticles. The metal nanoparticles also act as
catalysts for the growth of silicon nanostructures. The result is a composition having silicon
nanostructures extending from nanopillars that have been etched into the silica-containing

glass substrate.
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[0005] A further embodiment is a composition comprising one or more silica nanostructures,
such as silica nanotubes, and a silica-containing glass substrate. As a result of the process
used to prepare the nanostructures, the silica-containing glass substrate comprises one or
more nanopillars and the one or more silica nanostructures extend from the nanopillars of the
silica-containing glass substrate. The silica nanostructures include nanotubes and optionally
nanowires.

[0006] A further embodiment is a method for preparing silica nanostructures on a silica-
containing glass substrate. The method includes providing one or more metal nanoparticles
on a silica-containing glass substrate and then performing reactive ion etching of the silica-
containing glass substrate under conditions that are suitable for the formation of one or more
silicon nanostructures. During the reactive ion etching process, the silica-containing glass
substrate is etched in the regions surrounding the metal nanoparticles, the metal nanoparticles
acting as an etching mask. Accordingly, the reactive ion etching results in a substrate having
pillared structures under the metal nanoparticles. The metal nanoparticles also act as
catalysts for the growth of silicon nanostructures. After the reactive ion etching process is
complete, the silicon nanotubes are oxidized to form silica nanotubes. The result is a
composition having silica nanostructures extending from nanopillars that have been etched
into the silica-containing glass substrate.

[0007] A further embodiment is a method for preparing one or more silica nanotubes. The
method includes providing one or more metal nanoparticles on a silica-containing glass
substrate and then performing reactive ion etching of the silica-containing glass substrate
under conditions that are suitable for the formation of one or more silicon nanotubes. The
one or more silicon nanotubes are then oxidized to form one or more silica nanotubes. Prior
to the oxidation, the silicon nanotubes may be removed from the silica-containing glass
substrate.

[0008] Additional features and advantages will be set forth in the detailed description which
follows, and in part will be readily apparent to those skilled in the art from that description or
recognized by practicing the embodiments as described herein, including the detailed
description which follows, the claims, as well as the appended drawings.

[0009] It is to be understood that both the foregoing general description and the following
detailed description are merely exemplary, and are intended to provide an overview or
framework to understanding the nature and character of the claims. The accompanying

drawings are included to provide a further understanding, and are incorporated in and
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constitute a part of this specification. The drawings illustrate one or more embodiment(s),
and together with the description serve to explain principles and operation of the various

embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Figure 1A is an SEM image of a cross-section of an embodiment of a composition
comprising silicon nanostructures grown on a silica-containing glass substrate.

[0011] Figure 1B is an SEM image of a cross-section of an embodiment of a composition
comprising silicon nanostructures grown on a silica-containing glass substrate.

[0012] Figure 1C is an SEM image of an embodiment of a composition comprising silicon
nanostructures grown on a silica-containing glass substrate.

[0013] Figure 2 is an illustration of a cross-section of an embodiment of a composition
comprising silicon nanostructures grown on a silica-containing glass substrate.

[0014] Figure 3 is a diagram showing the growth of silicon nanostructures on a silica-
containing glass substrate according to an embodiment of the reactive ion etching method.
[0015] Figure 4 is an SEM image of silicon nanotubes and nanowires prepared according to
an embodiment of the reactive ion etching method and removed from the silica-containing
glass substrate.

[0016] Figure 5 is a Raman spectroscopy spectrum of silicon nanotubes and nanowires
prepared according to an embodiment of the reactive ion etching method.

[0017] Figure 6 is an energy dispersive x-ray spectroscopy (EDX) spectrum of silicon
nanotubes and nanowires prepared according to an embodiment of the reactive ion etching
method and removed from the silica-containing glass substrate.

[0018] Figure 7 is an ultraviolet-visible absorption spectroscopy (UV-Vis) spectrum of
silicon nanotubes and nanowires prepared according to an embodiment of the reactive ion

etching method.

DETAILED DESCRIPTION
[0019] Reference will now be made in detail to the present preferred embodiment(s),
examples of which are illustrated in the accompanying drawings. Whenever possible, the
same reference numerals will be used throughout the drawings to refer to the same or like

parts.
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[0020] The engineering of materials at the nanometer scale has provided for a variety of new
devices and electronic applications. Among the materials of great interest are silicon
nanotubes and silicon nanowires. Due to their unique properties, silicon nanotubes and
nanowires can be used in a variety of clectronic, optoelectronic, electro-chemical, and
electromechanical devices. In particular, silicon nanowires and nanotubes may be used in the
preparation and manufacture of semiconductors. Silicon nanowires and nanotubes may also
be used to create, among other things, photodetectors, photodiodes, photoluminescence
devices, sensors, and rechargeable battery clectrodes. And silicon nanowires and nanotubes
may be doped with other elements in order to create devices having photoelectric or
photovoltaic properties, such as solar cells.

[0021] Due to their biocompatibility, silicon nanowires and nanotubes can also be used as a
biomaterial in medical or biological applications. For example, silicon nanowires or
nanotubes can be used for the introduction of biomolecules, small molecules, nanoparticles,
RNA, peptides, proteins, and the like into living cells. The efficiency of this delivery in some
cases may be greater than 95%.

[0022] The preparation of silicon nanowires and nanotubes typically require the use of high
temperatures, which adds significantly to the costs of production. Typical preparation
processes also often involve the use of expensive techniques such as electron beam
lithography or interference lithography. Using embodiments described herein, silicon
nanotubes and nanowires may be fabricated without the use of high temperatures and without
the use of expensive lithography processes. Accordingly, embodiments provide a low-cost
method for the preparation of silicon nanotubes and nanowires.

[0023] Embodiments of the method produce a composition 10, such as that which is shown
for example in Figure 1A, Figure 1B, and Figure 1C. The composition 10 comprises silicon
nanotubes and nanowires 40 extending from a silica-containing glass substrate 20. The
structure of the composition 10 is also illustrated in Figure 2, which shows the
nanostructuring of the silica-containing glass substrate, which may be difficult to discern in
Figures 1A through 1C. In alternative embodiments, the silicon nanotubes and/or nanowires
40 prepared as described herein may be removed from the substrate 20 on which they are
grown and further treated or arranged to produce an article as would be understood by a
person of ordinary skill. In yet other alternative embodiments, the composition 10 may be
oxidized to convert the silicon nanotubes and/or nanowires 40 into silica nanotubes and/or

nanowires. In yet other embodiments, the silicon nanotubes and/or nanowires 40 may be
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removed from the substrate 20 and oxidized to convert the silicon nanotubes and/or
nanowires into silica nanotubes and/or nanowires.

[0024] In embodiments, silicon nanostructures including nanotubes and/or nanowires 40 are
prepared through a process that involves reactive ion etching of a silica-containing glass
substrate 20. The silica-containing glass substrate is first treated to provide metal
nanoparticles 30 that are suitable to catalyze the nucleation and growth of the nanostructures
40 under the conditions that are present during the reactive ion etching of the silica-
containing glass substrate 20.

[0025] Figure 3, for example, illustrates the stages in the growth of silicon nanostructures 40
on a silica-containing glass substrate 20 according to an embodiment.

[0026] As a first step, a silica-containing glass substrate 20 is provided. In some
embodiments, the silica-containing glass substrate comprises at least 70% silica, alternatively
at least 75% silica, alternatively at least 80% silica, alternatively at least 85% silica,
alternatively at least 90% silica, alternatively at least 95% silica. In some embodiments, the
silica-containing glass substrate is fused silica glass. The other components of a silica-
containing glass may be selected as would be understood by one of skill in the art and
include, for example, sodium carbonate, calcium oxide, magnesium oxide, and aluminum
oxide. In some embodiments, the silica-containing glass may comprise a commercially
available glass, such as silicate glass, borosilicate glass, aluminosilicate glass,
boroaluminosilicate glass, and the like.

[0027] In the step labeled Step A in Figure 3, the silica-containing glass substrate 20 is
treated to provide metal nanoparticles 30. The metal nanoparticles 30 are configured to be
suitable for the growth of silicon nanotubes, silicon nanowires, or a combination thereof
under the conditions of the later reactive ion etching step. The metal nanoparticles 30 may be
deposited on the silica-containing glass substrate 20 by any manner known in the art to
produce a plurality of discrete metal nanoparticles on a substrate.

[0028] In some embodiments, the metal nanoparticles 30 may be dewetted metal
nanoparticles, such as may be prepared by the process described in U.S. Patent Application
No. 13/687,208, the entirety of which is hereby incorporated by reference as if fully set forth
below. Dewetted metal nanoparticles may be prepared by providing a substrate having a
continuous ultra-thin metal-containing film (CUTMF) on a surface therecof and then
dewetting the continuous ultra-thin metal-containing film to produce a plurality of discrete

metal-containing dewetted islands on the surface of the substrate.
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[0029] The CUTMF can be formed using a variety of techniques. In general, the CUTMF is
not a free-standing film that can be applied (e.g., via an adhesive or other fastening means) to
the surface of the substrate, but is, in fact, physically formed on the surface of the substrate.
By way of example, the CUTMF can be fabricated using any of the variants of chemical
vapor deposition (CVD) (e.g., plasma-enhanced CVD, acrosol-assisted CVD, metal organic
CVD, and the like), any of the variants of physical vapor deposition (PVD) (e.g., ion-assisted
PVD, pulsed laser deposition, cathodic arc deposition, sputtering, and the like), atomic layer
deposition, spray coating, spin-coating, dip-coating, inkjetting, sol-gel processing, or the like.
Such processes are known to those skilled in the art to which this disclosure pertains.

[0030] As stated above, the CUTMF must be at least “continuous” (i.e., it must comprise less
than 1% of openings or void spaces in the area defined by its perimeter) and “ultra-thin” (i.e.,
it must have an average thickness of less than or equal to about 30 nm). In certain
implementations, however, the CUTMF can have no openings or void spaces in the arca
defined by its perimeter. Similarly, in certain implementations, the CUTMF can have an
average thickness of less than or equal to about 10 nm.

[0031] In some cases, the CUTMF-coated substrate can be subjected to an optional treatment
in preparation for the dewetting step. Examples of such treatments include physical or
chemical cleaning, physical or chemical strengthening, physical or chemical etching, physical
or chemical polishing, annealing, sintering, shaping, and/or the like. Such processes are
known to those skilled in the art to which this disclosure pertains.

[0032] Once the CUTMF has been disposed on at least a portion of the substrate, the
CUTMF-coated substrate can be dewetted. The dewetting step involves subjecting the coated
substrate to a thermal treatment that is sufficient to overcome the activation barrier against
atomic diffusion in the continuous ultra-thin metal-containing film, such that the film breaks
down into a plurality of discrete metal-containing islands.

[0033] The dewetting step can be carried out in a variety of conditions. For example, in
certain implementations, the dewetting step will be performed while the sample is maintained
under reduced pressure or vacuum conditions. In other implementations, the dewetting step
can be performed under ambient pressure conditions. In addition to pressure, the atmosphere
in which the CUTMF-coated substrate is maintained during the thermal treatment can be
varied. That is, in certain implementations, a gas (other than air) can be flowed over the
CUTMF-coated substrate during the thermal treatment. Such gases can include O,, N,, Ar, or
the like.
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[0034] Advantageously, the dewetting step described herein can make use of significantly
lower temperatures and/or durations than existing dewetting technologies, while
simultaneously producing smaller islands on the surface of the substrate. Specifically, the
thermal treatment generally involves temperatures of less than or equal to about 700° C. In
certain implementations, the thermal treatment involves temperatures of less than or equal to
about 600° C. In other implementations, such as many of those where a film stack is used,
the thermal treatment involves temperatures of less than or equal to about 200° C. With
respect to timing, the thermal treatment generally takes less than or equal to about 1 hour. In
certain implementations, the thermal treatment can be completed in less than or equal to
about 10 minutes. In other implementations, the thermal treatment can be completed in less
than or equal to about 30 seconds.

[0035] Those skilled in the art to which this disclosure pertains will recognize that a variety
of temperatures, durations, pressures, and atmospheric conditions can be implemented during
the thermal treatment of the dewetting step. By way of example, one specific dewetting step
can involve heating a CUTMF-coated substrate in a furnace, which is held at about 1
atmosphere of pressure (i.e., ambient pressure) while an inert gas (e.g., N, or Ar) flows
throughout the furnace, at a temperature of less than or equal to about 600° C for about 30
seconds to about 2 minutes. In contrast, another specific dewetting step can involve heating a
CUTMF-coated substrate in a vacuum furnace at a temperature of about 180° C to about 500°
C for about 1 minute to about 1 hour.

[0036] As described in U.S. Patent Application No. 13/687,208, the size and pattern of the
resulting metal nanoparticles may be tailored by control of the dewetting process parameters,
such as the time, temperature, and atmosphere of the dewetting step. The dewetting process
can be controlled, for example, in order to tailor the lateral dimension of the nanoparticles,
the height of the nanoparticles, and/or the percentage of overall area of the substrate surface
that is covered by the nanoparticles. For example, to achieve smaller average dimensions
and/or larger density of the dewetted metal-containing islands, the average thickness of the
CUTMFs can be decreased.

[0037] Although embodiments are described as having metal nanoparticles 30 formed by a
dewetting process such as the one described above, it would be understood by a person of
ordinary skill in the art that the silica-containing glass substrate 20 may be coated with one or

more metal nanoparticles by any manner known in the art.
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[0038] In some embodiments, the lateral cross-section of the metal nanoparticles may be
controlled. For example, in some embodiments, the metal nanoparticles have an average
longest lateral cross-sectional dimension between about 20 nm and about 300 nm,
alternatively between about 25 nm and about 250 nm, alternatively between about 30 nm and
about 200 nm. As used herein, the term “longest lateral cross-sectional dimension” refers to
a particular dimension of an item or object that is parallel to the surface of the substrate.
Thus, to clarify, when an object is circular, the longest lateral cross-sectional dimension is its
diameter; when an object is oval-shaped, the longest lateral cross-sectional dimension is the
longest diameter of the oval; and when an object is irregularly-shaped, the longest lateral
cross-sectional dimension is the line between the two farthest opposing points on the
perimeter of the object.

[0039] To ensure a good yield and density of silicon nanotubes, it may be desirable to have a
large proportion of the metal nanoparticles having a longest lateral cross-sectional dimension
within one of the ranges described above. For example, it may be desirable that at least about
60% of the metal nanoparticles have a longest lateral cross-sectional dimension between
about 30 nm and about 200 nm, alternatively at least about 70%, alternatively at least about
75%, alternatively at least about 80%, alternatively at least about 85%, alternatively at least
about 90%.

[0040] The metal to be used in the deposit of the metal nanoparticles may be selected from
among those metals that are known to have a catalytic effect on the growth of silicon
nanotubes and nanowires. For example, in some embodiments, the metal nanoparticles may
comprise copper, nickel, gold, platinum, iron, titanium, aluminum, and combinations thercof.
More desirably, the metal nanoparticles may comprise copper, nickel, gold, or combinations
thereof. The metal nanoparticles may comprise a metal in its elemental form or a metal that
is a constituent of an alloy.

[0041] Next, the silica-containing glass substrate 20 comprising metal nanoparticles 30 is
subjected to a reactive ion etching procedure. Reactive ion etching of the silica-containing
glass substrate 20 comprising metal nanoparticles 30 causes a number of things to occur at
substantially the same time. First, reactive ion etching results in the formation of nanopillars
50 in the silica-containing glass substrate 20. As the surface of the silica-containing glass
substrate 20 is etched, the metal nanoparticles 30 act as an etching mask by preventing the
etching of the substrate surface. Accordingly, the substrate 20 is etched to form valleys

around the metal nanoparticles 30. And, as the reactive ion etching progresses, each metal
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nanoparticle 30 becomes located at the top of a nanopillar 50. The formation of a nanopillar
50 is illustrated in Figure 3, at Step B.

[0042] The formation of a nanostructured substrate comprising nanopillars by reactive ion
etching of a substrate having a surface coated with metal dewetted nanoparticles is described,
for example, in U.S. Patent Application No. 13/687,227, the entirety of which is hereby
incorporated by reference as if fully set forth below.

[0043] At the same time, the reactive ion etching causes the growth of silicon nanotubes
and/or nanowires 40. Reactive ion etching of the silica-containing glass substrate 20 releases
ionized silicon-based compounds from the surface of the substrate into the area immediately
above the substrate. Without being bound by theory, it is believed that the ionized silicon-
based compounds comprise SiO,, Si-SisF, Si-F4, and Si-OFs;. The ionized silicon-based
compounds react in the presence of the metal nanoparticle catalyst 30 to form and grow
silicon nanotubes and/or nanowires 40. The nanotubes and nanowires 40 extend substantially
vertically from the nanopillars 50 of the etched substrate 20, as is demonstrated for example
in Figures 1A through 1C. The formation of the nanotubes and/or nanowires 40 is illustrated
in Figure 3, at Step C.

[0044] Tt is believed that the growth of the silicon nanotubes and nanowires occurs in a
“bottom-up” manner, as illustrated in Figure 3. As such, the metal nanoparticle 30 will
typically be located at the top of the silicon nanotube or silicon nanowire 40. However, it is
also contemplated that the growth of the silicon nanotubes and nanowires may, in some
instances, take place in a “top-down” manner, whereby the metal nanoparticle 30 would be
located on the top surface of the nanopillar 50 and at the bottom end of the silicon nanotube
or nanowire 40.

[0045] The diameter of the silicon nanotubes and/or nanowires 40 is largely a function of the
size of the metal nanoparticle 30 catalysts. Accordingly, the diameters of the silicon
nanotubes and/or nanowires 40 can be selected through control over the process by which the
metal nanoparticles 30 arc formed. Where, for example, the metal nanoparticles 30 are
prepared through a dewetting process, the lateral dimension of the dewetted metal
nanoparticles may be controlled as described above and in U.S. Patent Application No.
13/687,208, which is incorporated herein by reference.

[0046] Without being bound by theory, it is believed that a metal nanoparticle 30 having a
certain minimum particle size is necessary in order to be effective for the catalytic growth of

silicon nanotubes and/or nanowires 40. Figure 1A, for example, is an SEM image of a cross-
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section of silicon nanotubes and nanowires 40 made by reactive ion etching of a fused silica
glass substrate 20 containing metal dewetted metal nanoparticles 30. The image illustrates
the growth of silicon nanotubes and nanowires 40 on certain nanopillars 50, which
correspond to the larger metal nanoparticles 30. The smaller metal nanoparticles 30 result in
the etching of smaller nanopillars 50, as would be expected, but the nanopillars having
smaller lateral dimensions do not provide for the growth of silicon nanotubes or nanowires
40.

[0047] The silicon nanotubes and/or nanowires may have an average diameter between about
20 nm and about 300 nm, alternatively between about 25 nm and about 250 nm, alternatively
between about 30 nm and about 200 nm. In some embodiments, at least about 60% of the
silicon nanotubes and nanowires have a diameter between about 30 nm and about 200 nm,
alternatively at least about 70%, alternatively at least about 75%, alternatively at least about
80%, alternatively at least about 85%, alternatively at least about 90%.

[0048] Typically, the silicon nanostructures having smaller diameters are more likely to take
the form of silicon nanowires and the silicon nanostructures having larger diameters are more
likely to take the form of silicon nanotubes. Accordingly, one may also control the ratio of
nanotubes to nanowires through control over the sizes of the metal nanoparticle catalysts. In
some embodiments, at least about 60% of the silicon nanostructures are nanotubes,
alternatively at least about 70%, alternatively at least about 80%, alternatively at least about
90%, and alternatively at least about 95%.

[0049] The length of the silicon nanotubes and/or nanowires 40 on the other hand is largely a
function of the reactive ion etching process, specifically the conditions that are applied during
the etching and the length of time that the etching process is performed. In some
embodiments, the silicon nanotubes and/or nanowires may have an average height between
about 30 nm and about 2500 nm, alternatively between about 40 nm and about 2250 nm, and
alternatively between about 40 nm and about 2000 nm.

[0050] The packing of the silicon nanotubes and/or nanowires on the surface of the silica-
containing glass substrate may be controlled by control over the placement and sizes of the
metal nanoparticle catalysts. In some embodiments, the silicon nanotubes and nanowires
may have a surface density of at least 10° cm™, alternatively at least 10° cm™, alternatively at
least 10" cm™.

[0051] The reactive ion etching can be performed under a variety of conditions that are

suitable for the etching of silica-containing glass substrate, the ionization of the silicon-based
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compounds, and the growth of the silicon nanotubes and/or nanowires by reaction of the
silicon-based compounds with the metal catalysts.

[0052] The reactive ion etching step generally involves subjecting at least a portion of the
surface of the substrate on which the plurality of discrete metal nanoparticles are disposed to
a plasma of gases. The plasma of gases can etch by chemically reacting with the uncovered
portions of the surface of the substrate and/or physically bombarding the uncovered portions
of the surface of the substrate. The plasma of gases may be formed, for example, by an
inductively coupled plasma generator (ICP) system.

[0053] In some embodiments, the etching may also serve to reduce the dimensions of the
metal nanoparticles. For example, the plasma of gases can also etch the discrete metal
nanoparticles. While the plasma of gases preferentially etches the uncovered portions of the
surface of the substrate over the discrete metal nanoparticles, it is contemplated that intense
etching conditions may result in a reduction in the size of the metal nanoparticles or even in
the consumption of the metal nanoparticles altogether. The reduction and/or consumption of
the metal particles during the reactive ion etching process may be particularly desirable in
some instances because it increases the optical transparency of the final composition without
requiring a separate metal-removal process.

[0054] One illustrative type of plasma gases comprises a fluorine source (e.g., CHF3, CF,,
SF¢, or the like) that can be used to chemically react with and/or bombard at least Si-
containing substrate components. A second illustrative plasma of gases comprises a fluorine
source and a chlorine source (e.g., BCl3, F,, or the like), such that the fluorine source can be
used to chemically react with and/or bombard Si-containing substrate components and the
chlorine source can be used to selectively react with and/or bombard other substrate
components, such as Al, Na, Ga, or K-containing substrate components among others.
Another illustrative plasma of gases comprises argon or N that can be used to physically
bombard a variety of substrate components. Yet another illustrative plasma of gases
comprises a fluorine source, a chlorine source, and argon. Still another illustrative plasma of
gases comprises one or more fluorine sources and argon.

[0055] By adjusting the ratios of the components of the plasma of gases, the flow of the
plasma of gases, the duration of the exposure to the plasma of gases, the temperature of the
sample, and/or the ambient pressure, compositions 10 having different depths of nano-pillars

50 and lengths of silicon nanotubes and nanowires 40 can be achieved.
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[0056] For example, a silica-containing glass substrate 20 comprising dewetted metal
nanoparticles 30 may be disposed inside an RIE vacuum chamber. Reaction gasses, such as a
mixture of CHF3, SFs, and argon, may then be injected into the chamber. A plasma may be
generated by the application of either RF or RF together with ICP power. The RF power is
generally at least about 10W and, when employed, the ICP power is generally at least about
SO0W.

[0057] The temperature within the chamber during the reactive ion etching process may be
controlled to be about 350 °C or less, alternatively about 300 °C or less, alternatively about
250 °C or less, alternatively about 200 °C or less, alternatively about 150 °C or less,
alternatively about 100 °C or less, alternatively about 75 °C or less, or alternatively about
50 °C or less. In some embodiments, the reactive ion etching may be performed at room
temperature, ¢.g. about 20 °C, or lower. The formation of silicon nanotubes and/or nanowires
40 using a low temperature reactive ion etching process offers large cost benefits over
conventional methods, which typically require high temperature treatments.

[0058] The pressure within the chamber during the reactive ion etching process may be, for
example, between about 1 mTorr to about 200 mTorr, alternatively about 2 mTorr to about
175 mTorr, alternatively about 3 mTorr to about 150 mTorr, alternatively about 4 mTorr to
about 125 mTorr, and alternatively about 5 mTorr to about 100 mTorr.

[0059] The length of the etching process will generally depend on the desired lengths of
silicon nanostructures 40 and the etching conditions being applied, e.g. the power used to
generate the plasma and the conditions within the chamber (i.e. the temperature and
pressure). The etching process may generally be carried out for a period of time between

about one minute and about 60 minutes.

EXAMPLES

[0060] Various embodiments will be further clarified by the following examples.

EXAMPLE 1
[0061] In this example, a fused silica substrate was treated to provide discrete nickel
nanoparticles on the surface of the substrate. The nickel nanoparticles are suitable for
catalysis of the growth of silicon nanotubes and nanowires using the reactive ion etching
method described above. The substrates chosen were about 1 inch by about 1 inch squares of

flat fused silica glass.
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[0062] The deposition of the Ni CUTMFs was carried out using a rapid thermal annealing
(RTA) system (e.g., TsunamiTM RTP-600S) at a temperature of about 750 °C, typically for
about 50 to 125 seconds, and using the procedures described in European Patent No. 2133921
Al and European Patent Application No. 09382238.5, which are both incorporated herein by
reference as if fully set forth below. The as-deposited Ni films had an average thickness of
about 8 nm.

[0063] After the CUTMFs were formed, each sample was independently maintained in the
sample holder of the rapid thermal annealing system for the dewetting step. The samples
were heated to about 750° C, at a rate of about 30° C per second. The samples were held at
about 750° C for about 125 seconds. The samples were subsequently allowed to cool to
about 50° C, at which point they were removed from the sample chamber. High purity N, gas

was used to prevent oxidation of the metal film.

EXAMPLE 2
[0064] In this example, a masked glass surface was dry etched using a reactive ion etching
(RIE) process to produce a textured glass article.
[0065] A glass surface comprising discrete nickel nanoparticles produced in accordance with
EXAMPLE 1 above was placed in a RIE chamber (Plasmalab System 100 ICP180, Oxford
Instruments) equipped with a 4 inch diameter clamping plate. Reactive ion etching was then

carried out using the parameters shown in Table 1 below.

TABLE 1
Time (min.) 15
CHF3 (sccm) 5
SFe (sccm) 15
Argon (sccm) 30
RF Power (W) 30
ICP Power (W) 600
Temperature (°C) 10
Pressure (mTorr) 10

[0067] A composition comprising silicon nanotubes and nanowires extending substantially

vertically from the top of nanopillars on a textured glass substrate was obtained.
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[0068] The structure of the silicon nanotubes and/or nanowires was confirmed through a
variety of testing. For example, the silicon nanotubes and nanowires produced according to
the method described above were broken off of the glass substrate, as illustrated in Figure 4.
The silicon nanotubes and nanowires were then subjected to Raman spectroscopy. The
results are shown in Figure 5. The results show a Raman broad band peak centered at about
480 cm™, which is indicative of amorphous silicon. Accordingly, the results of the Raman
spectroscopy of the nanotubes and nanowires prepared in accordance with embodiments
demonstrate that the nanotubes and nanowires consist of an amorphous silicon structure.
[0069] The silicon nanotubes and nanowires produced according to the method described
above and broken from the glass substrate were also subjected to Energy Dispersive X-ray
spectroscopy (EDX). The results are shown in Figure 6. Elementary analysis of the EDX
spectrum confirms that the nanotubes and nanowires prepared in accordance with
embodiments contain only silicon.

[0070] The silicon nanotubes and nanowires produced according to the method described
above were also tested without being removed from the glass substrate. For example, the
silicon nanotubes and nanowires grown from a fused silica glass substrate were tested via
ultraviolet-visible spectroscopy. The results are shown in Figure 7. The composition
comprising the silicon nanotubes and nanowires grown from a fused silica glass substrate was
found to have a high absorption in the UV range, with a maximum peak (Amax) centered at
about 300 nm. The absorbance spectrum is indicative of silicon, confirming the growth of
silicon nanotubes and nanowires from the fused silica glass substrate.

[0071] The preparation of silicon nanotubes and/or nanowires using reactive ion etching of a
silica-containing glass substrate provides certain advantages over other known methods for
the preparation of silicon nanotubes and nanowires. The silicon source for the growth of the
silicon nanostructures is a silica-containing glass substrate, which is an inexpensive source of
silicon compared to gaseous sources that may be required in other methods. The reactive ion
etching may also be performed at low temperatures, including for example at room
temperature, and without the need for expensive lithography techniques, thereby cutting out a
major cost of many nanotube production methods.

[0072] In some embodiments, the silicon nanotubes and/or nanowires 40 may be removed
from the substrate 20. Once removed, the silicon nanotubes and/or nanowires 40 may be

treated to remove any remaining metal nanoparticles 30, as would be understood by a person
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of skill in the art. Once removed, the silicon nanotubes and/or nanowires may also be
oxidized to prepare silica nanotubes and/or nanowires.

[0073] However, the composition 10 prepared by reactive ion etching of silica-containing
glass substrate and comprising silicon nanotubes and/or nanowires may also provide a glass
substrate with a textured surface having several advantages. Using the methods described
above, silicon nanotubes and/or nanowires may be grown directly from a glass substrate, such
as a transparent glass substrate. Additionally, as noted above, the reactive ion etching
process may be controlled so as to effectively reduce the amount of metal catalyst that
remains on the silicon nanotube and nanowire structures. Thus, silicon nanotubes and/or
nanowires having a high optical transparency can be prepared without the need for a separate
metal removal process.

[0074] In some embodiments, once the reactive ion etching step is complete, the remaining
metal nanoparticles can optionally be removed or separated from the silicon nanotubes and/or
nanowires. This can be done, for example, by solubilizing the plurality of metal nanoparticles
or by acid etching to remove the metal. Those skilled in the art to which this disclosure
pertains can readily select appropriate chemicals and parameters for this step without undue
experimentation. Removal of the metal nanoparticles may be particularly desirable, for
example, in order to increase the transparency of the silicon nanotubes and/or nanowires.
[0075] Accordingly, the composition 10 may provide a textured glass having high optical
transparency.

[0076] In some embodiments, the silicon nanotubes and nanowires may also provide the
composition 10 with strong antireflection properties, due to a more gradual change of
refractive index at the surface of the glass. Accordingly, the composition 10 comprising
silicon nanotubes and/or nanowires 40 extending from a glass substrate 20 may be configured
to provide the glass surface with an antireflection coating. Antireflection coatings are used to
reduce the optical reflection of surfaces, including glass surfaces. For example, the
composition 10 comprising silicon nanotubes and/or nanowires 40 extending from a glass
substrate 20 may be useful as a graded index antireflection material.

[0077] In some embodiments, the composition 10 comprising silicon nanotubes and/or
nanowires 40 extending from a glass substrate 20 may also be rendered hydrophobic and/or
oleophobic, such as by application of a hydrophobic and/or oleophobic coating. The
hydrophobic and/or oleophobic coating may comprise, for example, a fluorosilane coating

such as the Dow Corning® 2634 Coating (available from the Dow Corning Corporation),
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which comprises alkoxysilane functional perfluoropolyether (PFPE) hybrid polymers, or
Trichloro (1H, 1H, 2H, 2H-perfluorooctyl). The hydrophobic and/or oleophobic coating can
be applied by conventional methods, such as dipping or evaporation. After application of a
fluorosilane coating to an embodiment of the composition 10, the surface of the composition
was demonstrated to have a contact angle of about 172 degrees when measured using water
and a contact angle of about 114 degrees when measuring using oleic acid.

[0078] The term “oleophobic” is used herein to refer to a material that imparts a wetting
characteristic such that the contact angle between oleic acid and a surface formed from the
material is greater than 90 degrees. Analogously, the term “hydrophobic” is used herein to
refer to a material that imparts a wetting characteristic such that the contact angle between
water and a surface formed from the material is greater than 90°. Because the surface may be
both hydrophobic and oleophobic, it may be useful in fingerprint resistant touch screen
applications, such as is described in U.S. Patent Application No. 13/693,379, the entirety of
which is hereby incorporated by reference as if fully set forth below.

[0079] In some embodiments, the silicon nanotubes and/or nanowires may be subjected to an
oxidation step such that the silicon nanostructures are at least partially oxidized to form silica
nanostructures. The oxidation step generally involves subjecting the silicon nanotubes and/or
nanowires disposed on the surface of the substrate to an oxidant gas (e.g., O, O3, NO,, or the
like). The oxidation step can be carried out in the presence of absence of heat. Because the
silicon nanotubes are so thin, the oxidation may occur at moderate temperatures and under
neutral oxygen fluxes. In some embodiments, removal of the silicon nanotubes and/or
nanowires form the silica-containing glass substrate may be performed prior to oxidation to
form silica nanotubes and/or nanowires. In other embodiments, the oxidation may be
performed immediately after the preparation of the silicon nanotubes and/or nanowires.

[0080] The sizes, c¢.g. diameters and lengths, of the silica nanotubes and nanowires may
generally be substantially equivalent to the diameters and lengths of the silicon nanotubes
and/or nanowires prior to oxidation, as previously described. Similarly, where the silica
nanotubes and nanowires extend from nanopillars on the substrate to provide a glass substrate
with a textured surface, the surface density of the silica nanotubes and nanowires on the
substrate may be substantially equivalent to the surface density of the silicon nanotubes and
nanowires prior to oxidation, as previously described.

[0081] Oxidation of the silicon nanotubes and/or nanowires to provide silica nanotubes

and/or nanowires may be particularly desirable in order to increase the transparency of the
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nanostructures. The transparency of silica nanotubes over the entire visible spectrum may be
at least about 75%, alternatively at least about 80%, alternatively at least about 85%,
alternatively at least about 90%. As described above, the glass substrate, from which the
silica nanostructures may extend, may also provide a high degree of transparency. As such, a
composition comprising the silica nanotubes and/or nanowires extending from a surface of
the silica-containing glass substrate may have a transparency over the entire visible spectrum
of at least about 70%, alternatively at least about 75%, alternatively at least about 80%,
alternatively at least about 85%, alternatively at least about 90%. Accordingly, the
composition may provide a textured glass having high optical transparency.

[0082] In some embodiments, the silica nanotubes and nanowires may also provide the
composition with strong antireflection properties, due to a more gradual change of refractive
index at the surface of the glass. Accordingly, the composition comprising silica nanotubes
and/or nanowires extending from a glass substrate may be configured to provide the glass
substrate with an antireflection coating. Antireflection coatings are used to reduce the optical
reflection of surfaces, including glass surfaces. For example, the composition comprising
silica nanotubes and/or nanowires may be useful as a graded index antireflection material.
[0083] In some embodiments, the composition comprising silica nanotubes and/or nanowires
extending from a glass substrate may also be rendered hydrophobic and/or oleophobic, such
as by application of a hydrophobic and/or oleophobic coating. Because the surface may be
both hydrophobic and oleophobic, as well as having high optical transparency, the textured
glass may be useful in fingerprint resistant touch screen applications and other applications
where such a combination of properties would be desirable.

[0084] Finally, the entire process of ultrathin metal film deposition, dewetting into metal
nanoparticles, reactive ion etching of the silica-containing glass to grow silicon nanotubes
and/or nanowires, and oxidation of the silicon nanotubes and nanowires to transparent silica
nanotubes and nanowires does not require any expensive raw materials, lithography, or high
temperature processes. Accordingly, the entire process is industrially scalable.

[0085] It will be apparent to those skilled in the art that various modifications and variations

can be made without departing from the spirit or scope of the aspects described herein.
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What is claimed is:

1. A composition comprising
one or more silicon nanostructures; and

a silica-containing glass substrate, the silica-containing glass substrate comprising one

or more nanopillars;

wherein the silicon nanostructures extend from the nanopillars of the silica-containing

glass substrate; and

wherein the silicon nanostructures comprise one or more nanotubes.

2. The composition of claim 1, wherein the silica-containing glass substrate is fused

silica glass.

3. The composition of claim 1 or claim 2, wherein the silicon nanostructures have

external diameters between about 30 nm and about 200 nm.

4, The composition of any of claims 1-3, wherein the silicon nanostructures have lengths

between about 50 nm and about 2000 nm.

5. The composition of any of claims 1-4, wherein the silicon nanostructures have a

surface density on the silica-containing glass substrate of at least 10'° cm™.

6. The composition of any of claims 1-5, wherein the silicon nanostructures also

comprise nanowires.
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7. A method for preparing the composition of any of claims 1-6, the method comprising

the steps of:

providing one or more metal nanoparticles on the silica-containing glass substrate;

and
performing reactive ion etching of the silica-containing glass substrate under
conditions suitable for the formation of the one or more silicon nanostructures.
8. The method of claim 7, wherein the metal nanoparticles are metal dewetted particles.
9. The method of claim 7 or claim 8, wherein the metal nanoparticles have an average

lateral cross-section between about 30 nm and about 200 nm.

10. The method of any of claims 7-9, wherein the reactive ion etching is performed at a

temperature less than 300° C.

11. The method of any of claims 7-10, wherein the reactive ion etching is performed at a

temperature less than 100° C.

12. A composition comprising;
one or more silica nanostructures; and

a silica-containing glass substrate, the silica-containing glass substrate comprising one

or more nanopillars;

wherein the silica nanostructures extend from the nanopillars of the silica-containing

glass substrate; and

wherein the silica nanostructures comprise one or more nanotubes.
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13. The composition of claim 12, wherein the silica nanostructures also comprise

nanowires.

14. The composition of claim 12 or claim 13, wherein the silica nanostructures are

substantially transparent.

15. The composition of any of claims 12-14, wherein the silica nanostructures have

external diameters between about 30 nm and about 200 nm.

16. The composition of any of claims 12-15, wherein the silica nanostructures have

lengths between about 50 nm and about 2000 nm.

17. A method for preparing the composition of any of claims 12-16, the method

comprising the steps of:
providing one or more metal nanoparticles on a silica-containing glass substrate;

performing reactive ion etching of the silica-containing glass substrate under
conditions suitable for the formation of silicon nanostructures comprising silicon

nanotubes; and

oxidizing the silicon nanostructures to form the one or more silica nanostructures.

18. A method for preparing a silica nanotube comprising the steps of:
providing one or more metal nanoparticles on a silica-containing glass substrate;
performing reactive ion etching of the silica-containing glass substrate under

conditions suitable for the formation of a silicon nanotube; and

20



WO 2016/004040 PCT/US2015/038556

oxidizing the silicon nanotube to form a silica nanotube.

19. The method of claim 18 further comprising the step of removing the silicon nanotube

from the silica-containing glass substrate prior to oxidation.

20. A silica nanotube prepared by the method of claim 19.
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