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Methods for Synthesis of Metal Nanowires

Inventor

[0001] Avetik Harutyunyan

Field of Invention

[0002] The present invention relates to methods for the preparation of metal nanowires

and nanostructures using the metal nanowires.

Background
[0003] A nanowire refers to a wire having a diameter typically in the range of about one

nanometer (nm) to about 500 nm. Nanowires are solid, and can have amorphous structure,
graphite like structure, or herringbone structure. The nanowires are periodic only along their
axis, and can therefore assume any energetically favorable order in other planes, resulting in a
lack of crystalline order.

[0004]  Nanowires are typically fabricated from a metal or a semiconductor material,
and some of the electronic and optical properties of the metal or semiconductor materials are
different than the same properties of the same materials in larger sizes. For example, metallic
wires having a diameter of 100 nm or less display quantum conduction phenomena, such as
the survival of phase information of conduction electrons and the obviousness of the electron
wave interference effect. Semiconductor or metal nanowires have attracted considerable
attention because: of their potential applications in mesoscopic research, the development of
nanodevices, for use as gas sensors and field emitters, and the potential application of large
surface area structures. For example, U.S. Patent No. 5,973,444 to Xu et al. discloses carbon
fiber-based field emission devices, where carbon fiber emitters are grown and retained on a
catalytic metal film as part of the device. Xu et al. disclose that the fibers forming part of the
device may be grown in the presence of a magnetic or electric field, as the fields assist in
growing straighter fibers.

[0005] One technique for fabricating quantum wires utilizes a micro lithographic
process followed by metalorganic chemical vapor deposition (MOCVD). This technique may
be used to generate a single quantum wire or a row of gallium arsenide (GaAs) quantum
wires embedded within a bulk aluminum arsenide (AlAs) substrate. One problem with this

technique, however, is that microlithographic processes and MOCVD have been limited to
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GaAs and related materials. Moreover, this technique does not result in a degree of size
uniformity of the wires suitable for practical applications.

[0006] Another method of fabricating nanowire systems involves using a porous
substrate as a template and filling naturally occurring arrays of nanochannels or pores in the
substrate with a material of interest. However, it is difficult to generate relatively long
continuous wires having relatively small diameters because as the pore diameters become
small, the pores tend to branch and merge, and because of problems associated with filling
long pores having small diameters with a desired material.

[0007] U.S. Patent No. 6,838,720 to Krieger et a/. discloses a memory device with
active passive layers. The ions move from the passive layer to an active layer to form a
nanowire feature. The organic layer may be phthalocyanine, but the synthesis of nanowires is
not provided.

[0008] Harutyunyan et al. Appl. Phys. Lett. 82: 4794-4796 (2003) discloses pyrolysis
of a metalorganic precursor for self-assembly of carbon nanotubes. Unlike nanowires, carbon
nanotubes are hexagonal networks of carbon atoms forming hollow, seamless tubes with each
end capped with half of a fullerene molecule. They were first reported in 1991 by Sumio
lijima who produced multi-layer concentric tubes or multi-walled carbon nanotubes by
evaporating carbon in an arc discharge. Presently, there are three main approaches for the
synthesis of single- and multi-walled carbon nanotubes. These include the electric arc
discharge of graphite rod (Journet ef al. Nature 388: 756 (1997)), the laser ablation of carbon
(Thess et al. Science 273: 483 (1996)), and the chemical vapor deposition of hydrocarbons
(Ivanov et al. Chem. Phys. Lett 223: 329 (1994); Li et al. Science 274: 1701 (1996)). These
methods are not suitable for the production of nanowires.

[0009] Thus, there is a need for methods for synthesizing metal nanowires, and for the
synthesis of metal nanowires at preselected locations on a substrate. Preferably, the method
allows for growth of a controlled number of metal nanowires at preselected locations on a

substrate.

Summary
[0010] The present invention provides methods and processes for the synthesis of metal

nanowires and nanostructures. In one aspect, method for synthesizing of nanowires
comprises providing a substrate, depositing a metalorganic layer on the substrate, and heating
the substrate with the metalorganic layer to form nanowires on the substrate. The substrate

can be silicon oxide, aluminum oxide, magnesium oxide, glass, mica, silicon, fiberglass,
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Teflon, ceramics, plastic, or quartz or mixtures thereof. The metalorganic layer can be metal
phthalocyanine, such as iron phthalocyanine or nickel phthalocyanine. The metalorganic can
be deposited on the substrate as a thin film, and heated under air to form the metal nanowires.
[0011] In another aspect, method for synthesis of nanowires are provided. The method
comprises providing a substrate, depositing a metalorganic layer on the substrate, wherein the
metalorganic layer is iron phthalocyanine, nickel phthalocyanine or mixtures thereof, and
heating the substrate with the metalorganic layer to form nanowires on the substrate.

[0012] In another aspect of the invention, method for the synthesis of nanowires
comprise providing a substrate, depositing a metalorganic layer on the substrate, wherein the
metalorganic layer is iron phthalocyanine, nickel phthalocyanine or mixtures thereof, and
wherein the metalorganic layer is deposited by placing a solution of metal phthalocyanine
and hydrogen phthalocyanine in a ratio of about 1:20 to about 20:1 on the substrate and
heating to form a thin film, and heating the substrate with the thin film to form nanowires on
the substrate.

[0013] The present invention provides methods and processes for the synthesis of metal
nanowires at targeted locations on a substrate. In one aspéct, a masking layer is placed on a
substrate that leaves selected portions of the substrate exposed. A metalorganic film is then
deposited on the substrate. After depositing the precursor film, the masking layer is removed
from the substrate. The metalorganic film remaining on the substrate is then pyrolyzed to
form metal nanowires. The metalorganic layer can be composed or iron phthalocyanine,

nickel phthalocyanine, or combinations thereof

Brief Description of Drawings

[0014] Figure 1 illustrates the TEM images of the metal nanowires produced by the

inventive methods.

Detailed Description

L_Definitions
[0015] Unless otherwise stated, the following terms used in this application, including
the specification and claims, have the definitions given below. It must be noted that, as used

in the specification and the appended claims, the singular forms "a," "an" and "the" include
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plural referents unless the context clearly dictates otherwise. Definition of standard
chemistry terms may be found in reference works, including Carey and Sundberg (1992)
"Advanced Organic Chemistry 3" Ed." Vols. A and B, Plenum Press, New York, and Cotton
et al. (1999) “Advanced Inorganic Chemistry 6™ Ed.” Wiley, New York.

[0016] The terms “metalorganic” or “organometallic” are used interchangeably and
refer to co-ordination compounds of organic compounds and a metal, a transition metal or

metal halide.

II. Qverview

[0017] The present invention discloses methods, apparatuses, and processes for
the synthesis of metal nanowires and structures composed of metal nanowires.

[0018] In one aspect of the invention, a substrate can be provided and a metalorganic
la}}er can be deposited on the substrate. The metal nanowires can be synthesized by thermal
decomposition (pyrolysis) of the metalorganic. The properties of the metal nanowires can be
selectively varied by choosing the metal in the metalorganic. Typically, metal
phthalocyanine can be diluted in hydrogen phthalocyanine (1:10), deposited on the substrate,
and heated at 500-600 °C to form a thin film on the substrate. The substrate coated with the
thin film can then be heated to about 550 °C in the presence of air to synthesize the metal
nanowires.

[0019] In another aspect, a substrate can be provided wherein one of its surfaces
has regions covered with a mask and regions that are uncovered or unmasked. A layer of
metalorganic compound can be deposited onthe unmasked regions, and heated to form a thin
layer at particular locations on the substrate. The substrate having thin layer of metalorganic
formed on its surface can then be exposed to air and heated to form metal nanowires and

nanostructures.

IV. The Substrate

[0020] The substrate can be fabricated from a variety of materials, including

glasses, plastics, ceramics, metals, gels, membranes, beads, mica, fiberglass, Teflon, quartz,
and the like. Preferably, the substrate is composed of a material suitable for use as a support
during synthesis of metal nanowires using the methods described below. Such materials
include crystalline silicon, polysilicon, silicon nitride, tungsten, magnesium, aluminum and

their oxides, preferably silicon oxide, aluminum oxide, and magnesium oxide.
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[0021] In one aspect of the invention, the substrate can be treated to provide
specific location for the growth of the metal nanowires and nanostructures. Such treatment
includes masking the surface of the substrate, and having unmasked regions, electrochemical
(EC) and photoelectrochemical (PEC) etching to fabricate an individual hole or structure at a
specific location on a substrate, and the like. For example, the top surface of the substrate
can have portions that are covered with a removable mask and portions that are not covered
or are unmasked representing the areas targeted for the synthesis of metal nanowires. The
metalorganic is caused to be located in the uncovered areas.

[0022] The mask can be composed of any material provided that the material can be
removed if desired. The mask can therefore be made of a material that can be relatively
easily removed, such as by physical removal, dissolving in water or in a solvent, by
chemically or electrochemically etching, or by vaporizing through heating. Thus, the mask
materials include water-soluble or solvent-soluble salts such as sodium chloride, silver
chloride, potassium nitrate, copper sulfate, and indium chloride, or soluble organic materials
such as sugar and glucose. The mask material can also be a chemically etchable metal or

- alloy such as Cu, Ni, Fe, Co, Mo, V, Al, Zn, In, Ag, Cu—Ni alloy, Ni—Fe alloy and others,
or base-dissolvable metals such as Al can also be used. The mask can be made of a soluble
polymer such as polyvinyl alcohol, polyvinyl acetate, polyacrylamide, acrylonitrile-
butadiene-styrene. The removable mask, alternatively, can be a volatile (evaporable) material
such as PMMA polymer. These materials can be dissolved in an acid such as hydrochloric
acid, aqua regia, or nitric acid, or can be dissol}ved‘away in a base solution such as sodium
hydroxide or ammonia. The removable layer or mask may also be a vaporizable material
such as Zn which can be decomposed or burned away by heat. The mask can be added by
physically placing it on the substrate, by chemical deposition such as electroplating or
electroless plating, by physical vapor deposition such as sputtering, evaporation, laser
ablation, ion beam deposition, or by chemical vapor decomposition.

[0023] Thus, in one aspect, the mask can be an aluminum foil. The aluminum foil can
have structures cut or etched onto it. The structures preferably expose areas on the substrate,
and denote the location, size, and/or the orientation of the metal nanowires and
nanostructures to be synthesized. For example, the structures can be holes at specific
locations to give a nanowire at a particular location, V-shaped groves, Y-shaped groves,

circles, trenches, and the like, to provide the nanostructures at the locations desired.
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III. The Metal and Metalorganic

[0024] The metal for use in the invention can be selected from a Group 2A metal, such

as Be or Mg, and mixtures thereof, a Group 3A metal, such as Al, and mixtures thereof, a
Group 4A metal, such Sn or Pb, and mixtures thereof, a Group V metal, such as V or Nb, and
mixtures thereof, a Group VI metal including Cr, W, or Mo, and mixtures thereof, VII metal,
such as, Mn, or Re, a Group VIII metal including Co, Ni, Ru, Rh, Pd, Os, Ir, Pt, and mixtures
thereof, the lanthanides, such as Ce, Eu, Er, or Yb and mixtures thereof, or transition metals
such as Cu, Ag, Au, Zn, Cd, Sc, Y, or La and mixtures thereof. Preferably, the metal is
aluminum, iron, cobalt, nickel, titanium, molybdenum, copper, or a mixture thereof.

[0025] In one aspect, the metal is complexed to an organic moiety to give a
metalorganic compound. Thus, the metals selected from the list above can be complexed
with, for example phthalocyanine, porphorin, cyclopentyl, and the like to give the
metalorganic compound. Generally, the metalorganic compound is selected such that it has
properties such as a high vapor pressure, high purity, high deposition rate, easy handling,
non-toxicity, and low cost. A variety of metalorganic precursors can be used to form the
metalorganic precursor layer. One suitable metalorganic material is iron phthalocyanine
(FePc). FePc is a solid at room temperature, and can be easily purified by sublimation.
Heating a FePc sample to a temperature between about 480°C and about 520°C generates a
suitable amount of FePc vapor for a physical deposition process. Nickel phthalocyanine
(NiPc) or a mixture of FePc and MoPc can also be used as the metalorganic precursor.
Preferably, any metalorganic compound containing iron or nickel can be used. Examples of

such compounds include iron porphyrins.

IV. Synthesis of Metal Nanowires

[0026] In one aspect of the invention, the metalorganic compound can be deposited on
the substrate as a thin film. The thin film can be deposited by any of the known methods.

For example, the metalorganic compound can be deposited on the substrate as a solution and
heated to form the thin film. The metalorganic compound can be dissolved in any organic
solvent, such as DMSO, DMF, acetone, xylenes, and the like. In one aspect, the metalorganic
compound can be metal phthalocyanine, and it can be dissolved in hydrogen phthalocyanine
in a ratio of about 20:1 to about 1:20, preferably about 1:1 to about 1:15, more preferably
about 1:5 to about 1:15 (w/w). The metal phthalocyanine-hydrogen phthalocyanine solution

can be placed on the substrate.
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[0027] The substrate having the metalorganic compound deposited thereupon can be
heated to form a thin film. The heating is preferably below the decomposition temperature of
the metalorganic compound. When the metal organic compound is metal phthalocyanine, the
heating is preferably to about 500 °C to about 600 °C until a thin film is formed. The heating
is preferably for about 10 min. to about 5 h, more preferably about 15 min. to about 60 min.,
even more preferably about 30 min. to about 45 min. Optionally, the heating can be under a
vacuum. A conventional vacuum pump can be connected to the reaction chamber for
operating the reaction chamber at reduced pressures in the range of 10° Torr to 760 Torr,
preferably in the range of 10™ Torr to 102 Torr. The film thus formed typically has a
thicknesses of about 1 micron to about 100 microns, preferably a thickness of about 1 micron
to about 30 microns, even more preferably a thickness of about 1 micron to about 10 microns,
or any thickness in between.

[0028] In another aspect, the process of the invention is carried out by vaporizing one
or more organometallic compounds, transporting, using a carrier gas, the vaporized
precursor(s) to the surface of the substrate and forming a thin film on the surface of the
substrate through a chemical reaction. The physical vapor deposition described above can be
advantageous in that it can be carried out at a relatively low temperature, the constitution and
deposition rate of the thin film can be readily controlled by changing the amounts of the
source materials and the carrier gas, and the final thin film displays good uniformity without
causing any damage on the surface of the substrate.

[0029] In another aspect of the invention, the substrate can have portions that are
covered with a removable mask. During the physical vapor deposition process, a layer of the
metalorganic precursor will form on all exposed surfaces of the substrate. Thus, a
metalorganic layer will be formed on top of the mask as well as the exposed portions of the
substrate. Typical thicknesses for the metalorganic layer range from about 1 micron to about
30 microns. However, physical vapor deposition can be used to create metalorganic layers of
up to 50 microns or greater if such layers are desired.

[0030] After depositing the metalorganic precursor layer, the mask is removed from the
substrate. The method of removing the mask depends on the type of masking layer used. For
example, if the mask is composed of a layer of aluminum foil or thin plastic, the mask can be
lifted off of the underlying substrate. In such an example, the physical removal of the mask
also removes the portions of the metalorganic layer deposited on the mask. Thus, the -

metalorganic layer will remain only in the deposition targets.
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[0031] The thin film of the organometallic on the surface of the substrate can be
oxidized or pyrolyzed. Oxidizing or pyrolysing the metalorganic layer causes oxidation of
the organic components of the metalorgaxﬁc compound. One method for the pyrolysing the
thin metalorganic film is to heat the substrate to a temperature between about 450°C and
about 650°C in the presence of air. For example, the substrate with a thin film of the
metalorganic can be placed in a reaction chamber, gas inlet can be attached to a source air,
temperature of the oven can then be raised to 550°C while flowing air. These processing
conditions can be maintained for between 2 to 4 hours in order to pyrolyze the organic
components in the metalorganic layer, leaving metal nanowires on the substrate.

[0032] The size and type of the metal nanowires and nanostructures formed using the
present process depends in part on the thickness of the metalorganic film deposited. Without
being bound by any particular theory, it is believed that formation of thicker metalorganic
films on the substrate leads to the synthesis of larger diameter metal nanowires and
nanostructures. For example, pyrolysis of a 1 micron layer of FePc will result in formation of
metal nanowires that are about 10 microns long and about 1 nm in diameter. Under similar
conditions, pyrolysis of a 5 - 10 micron layers of FePc produces metal nanowires with a
diameter of 35 nm.

[0033] The metal nanowires and nanostructures produced by the methods and
processes described above can be used in applications that include Field Emission Devices,
Memory devices (high-density memory arrays, memory logic switching arrays), Nano-
MEMs, AFM imaging probes, distributed diagnostics sensors, and strain sensors. Other key
applications include: thermal control materials, super strength and light weight reinforcement
and nanocomposites, EMI shielding materials, catalytic support, gas storage materials, high

surface area electrodes, and light weight conductor cable and wires, and the like.

EXAMPLES

[0034] Below are examples of sbeciﬂc embodiments for carrying out the present |
invention. The examples are offered for illustrative purposes only, and are not intended to
limit the scope of the present invention in any way. Efforts have been made to ensure
accuracy with respect to numbers used (e.g., amounts, temperatures, etc.), but some

experimental error and deviation should, of course, be allowed for.

Example 1
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Purification of the metalorganic sample

[0035] It may be desirable to purify the metalorganic precursor prior to deposition on
the substrate. For example, FePc samples often contain up to 20% by weight of other
materials. The contamination can affect the properties of the thin film which may affect the
repeatability and reliability of the synthesis method. In order to reduce the impact of such
contamination, the metalorganic precursor sample can be purified prior to use, such as by
recrystalization or by the process of physical vapor deposition. During purification, a
metalorganic sample to be purified is placed in a reactor along with a deposition target for
collecting purified metalorganic material. The sample of FePc is heated to a temperature
between about 480°C and about 520°C, while the temperature for collection is set to between
about 200°C and about 300°C. The physical vapor deposition process for purification is
carried out at a pressure of 10™ Torr. The vacuum pump not only maintains the pressure
within the reaction chamber, but also creates a flow within reaction chamber toward the
deposition target. The process conditions are maintained for roughly 10 hours, or until all of
the initial sample to be purified has undergone sublimation. If desired, a metalorganic

sample can be purified multiple times to achieve still higher crystallinity and purity.

Example 2
Synthesis of Metal Nanowires

[0036] A silicon oxide rectangle having length, width, and depth of 4 cm, 4 cm, and 0.5
cm, respectively, was selected as the substrate. A solution of iron phthalocyanine
(FeC3,H16Ng) in hydrogen phthalocyanine (1:10 w/w) was deposited on the top surface of the
substrate. The substrate was then placed in the reaction chamber of an oven. The pressure in
reaction chamber was reduced to approximately 10 Torr by vacuum pump, and the
temperature in the reaction chamber was increased to between about 500°C and about 600°C.
These temperatures were maintained for about 30 min. until a thin film of metalorganic
having a thickness of about 2 microns formed on the substrate. The substrate with the thin
film can now be removed. Alternatively, the furnace can be attached to a source of air. The
temperature of the oven was then adjusted to about 550°C while flowing 1000 standard cubic
centimeters per minute of air. These processing conditions were maintained for between 2 to
4 hours in order to pyrolyze the organic components in the metalorganic layer, leaving behind

metal nanowires on the substrate. The substrate with the metal nanowires thus obtained can
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be removed from the reaction chamber. Figure 1 shows the TEM images of metal nanowires
thus produced. Figure 1A shows the nickel nanowires supported on silicon oxide, while
Figures 2B and 2C show the iron nanowires supported on silicon oxide at low and high

magnification, respectively.

-[0037] While the invention has been particularly shown and described with reference to
a preferred embodiment and various alternate embodiments, it will be understood by persons
skilled in the relevant art that various changes in form and details can be made therein
without departing from the spirit and scope of the invention. All printed patents and
publications referred to in this application are hereby incorporated herein in their entirety by

this reference.

10



WO 2007/037906 PCT/US2006/034002

We Claim:
1. A method for synthesizing metal nanowires, the method comprising:

providing a substrate;

depositing a metalorganic layer on the substrate; and

heating the substrate with the metalorganic layer to form the nanowires on the
substrate.
2. The method of claim 1, wherein the substrate is selected from the group consisting of
silicon oxide, aluminum oxide, magnesium oxide, glass, mica, silicon, fiberglass, teflon,

ceramics, plastic, and quartz or mixtures thereof.

3. The method of claim 2, wherein the substrate is silicon oxide.
4. The method of claim 1, wherein the metalorganic layer is metal phthalocyanine.
5. The method of claim 4, wherein the metal is selected from the group consisting of a

Group V metal, a Group VI metal, a Group VII metal, a Group VIII metal, a lanthanide, and a
transition metal, or mixtures thereof.

6. The method of claim 5, wherein the metal is selected from the group consisting of Fe,
V, Nb, Cr, W, Mo, Mn, Re, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt, Ce, Eu, Er, Yb, Ag, Au, Zn, Cd,

Sc, Y, or La or mixtures thereof.

7. The method of claim 6, wherein the metal is Fe. |
8. The method of claim 6, wherein the metal is Ni.
9. The method of claim 4, wherein the metalorganic layer is deposited by placing a

solution of metal phthalocyanine on the substrate and heating to form a thin film.
10.  The method of claim 9, wherein the solution comprises metal phthalocyanine and

hydrogen phthalocyanine in a ratio of about 1:20 to about 20:1.

11.  The method of claim 9, wherein the heating is to a temperature of about 500 °C to
about 600 °C.

12. The method of claim 11, further comprising a vacuum.

13.  The method of claim 1, wherein the metalorganic layer has a thickness of between

about 1 micron and about 30 microns.

14.  The method of claim 1, wherein heating the metalorganic layer deposited on the
substrate comprises exposing the metalorganic layer to air at a temperature of between about
450°C and about 500°C.

15. The method of claim 14, further comprising another gas.

11
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16. The method of claim 15, wherein the other gas is selected from the group consisting
of hydrogen, helium, argon, neon, krypton and xenon or a mixture thereof.
17. A method for synthesizing metal nanowires, the method comprising:

providing a substrate;

depositing a metalorganic layer on the substrate, wherein the metalorganic layer is
iron phthalocyanine, nickel phthalocyanine or mixtures thereof; and

heating the substrate with the metalorganic layer to form the nanowires on the
substrate.
18. The method of claim 17, wherein the substrate is selected from the group consisting
of silicon oxide, aluminum oxide, and magnesium oxide, glass, mica, silicon, fiberglass,
teflon, ceramics, plastic, and quartz or mixtures thereof.
19. The method of claim 18, wherein the substrate is silicon oxide.
20. The method of claim 17, wherein the metalorganic layer is deposited by placing a
solution of metal phthalocyanine on the substrate and heating to form a thin film.
21.  The method of claim 20, wherein the solution comprises metal phthalocyanine and
hydr.ogen phthalocyanine in a ratio of about 1:20 to about 20:1.
22. The method of claim 20, wherein the heating is to a temperature of about 500 °C to
about 600 °C under a vacuum.
23. The method of claim 17, wherein the metalorganic layer has a thickness of between
about 1 micron and about 30 microns.
24.  The method of claim 17, wherein heating the metalorganic layer deposited on the
substrate comprises exposing the metalorganic layer to air at a temperature of between about
450°C and about 500°C.
25. The method of claim 24, further comprising another gas selected from the group
consisting of hydrogen, helium, argon, neon, krypton and xenon or a mixture thereof.
26. A method for synthesizing metal nanowires, the method comprising:

providing a substrate;

depositing a metalorganic layer on the substrate, wherein the metalorganic layer is
iron phthalocyanine, nickel phthalocyanine or mixtures thereof, and wherein the metalorganic
layer is deposited by placing a solution of metal phthalocyanine and hydrogen phthalocyanine
in a ratio of about 1:20 to about 20:1 on the substrate and heating to form a thin film; and

heating the substrate with the thin film to form the nanowires on the substrate.
27.  The method of claim 26, wherein the substrate is selected from the group consisting

of silicon oxide, aluminum oxide, and magnesium oxide, glass, mica, silicon, fiberglass,

12
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teflon, ceramics, plastic, and quartz or mixtures thereof.

28. The method of claim 27, wherein the substrate is silicon oxide.

29.  The method of claim 26, wherein the heating is to a temperature of about 500 °C to
about 600 °C under a vacuum.

30. The method of claim 26, wherein the thin film has a thickness of between about 1
micron and about 30 microns.

31.  The method of claim 26, wherein heating the thin film deposited on the substrate
comprises exposing the metalorganic layer to air at a temperature of between about 450°C
and about 500°C.

32. The method of claim 31, further comprising another gas selected from the group

consisting of hydrogen, helium, argon, neon, krypton and xenon or a mixture thereof.

13
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