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CATALYST PATTERNING FOR NANOWIRE 
DEVICES 

STATEMENT OF GOVERNMENT SUPPORT 
This invention was made in the course of U.S. contract 

No. NAS2-99092 awarded by NASA. The U.S. government 
has certain rights in the invention. 

BACKGROUND OF THE INVENTION 
This invention relates to nanowires and more particularly, 

to ways in which to pattern catalyst sites from which 
nanowires are grown. 

Nanowires are of interest for forming chemical or bio- 
logical sensors, field emitters for flat panel displays, and 
other devices. Nanowires such as carbon nanotubes may be 
metallic in nature. Single-crystal semiconductor nanowires 
may also be grown. A typical nanowire may have a diameter 
on the order of 1&100 nm and a length of 0.5-5 pm. 
Applications and potential applications for devices based on 
nanowire structures include sensors and field emitters for flat 
panel displays. 

The growth of nanowires such as single and multiple wall 
carbon nanotubes and semiconductor nanowires has been 
demonstrated experimentally. Nanowire growth may be 
initiated using catalysts deposited on the surface of a sub- 
strate. Improved techniques for patterning such catalysts are 
needed. 

It is therefore an object of the present invention to provide 
improved ways in which to pattern nanowire catalysts for 
nanowire devices. 

SUMMARY OF THE INVENTION 
Nanowire catalyst patterning methods and nanowire 

structures fabricated using patterned catalyst layers are 
provided. Nanowires may be formed on substrates such as 
silicon, quartz, glass, or other suitable substrate materials. 
An optional electrode layer may be formed on the substrate. 
The electrode layer may, for example, be formed of titanium, 
gold, or platinum or other metals or conductive materials. 
The electrode layer may be patterned. For example, photo- 
lithographic techniques may be used to pattern the electrode 
layer into an array of pads. 

A catalyst layer may be used to seed the growth of 
nanowires on the pads or other portions of substrate surface. 
Catalyst sites may be distributed in a random pattern or may 
be purposefully distributed in a known pattern. A known 
pattern of “dots” of catalyst may, for example, be used to 
form a regular array of nanowires with a desired spacing 
between nanowires and desired wire diameters. 

Catalyst sites may be patterned using a number of suitable 
techniques. For example, e-beam lithography, a metal depo- 
sition technique such as evaporation, and the lift-off process 
may be used to form catalyst sites. Other suitable catalyst 
site formation techniques that may be used include tech- 
niques based on heating deposited metal so that it collects 
into discrete metal areas or clumps (“metal migration”), 
heat-collapsible porous polymer spheres filed with metal 
salts, techniques in which metal is evaporated through a 
thin-film assembly of microscopic spheres (e.g., spheres 100 
nm to 100 pm in diameter) that have been temporarily placed 
on the substrate surface, lithographic techniques (e.g., ultra- 
violet (UV) lithography such as deep UV (DUV) lithogra- 
phy or extreme UV (EUV) lithography, etc.), X-ray or ion 
beam lithography, electrochemical deposition, electroless 
deposition, or soft lithography (e.g., when a damp “stamp” 
is used to impress a pattern of catalytic “ink” on a substrate), 
etc. 

2 
Nanowires may be grown on the catalyst sites by known 

growth techniques such as thermal or plasma chemical vapor 
deposition techniques or other suitable nanowire growth 
techniques. 

If desired, additional processing may be performed after 
the nanowires have been grown. For example, an insulating 
layer may be grown on the nanowires to insulate the 
nanowires from each other and to provide mechanical sta- 
bility. The insulating layer may be planarized using 

10 chemical-mechanical polishing. The substrate on which the 
nanowires have been grown may be diced into individual 
die, each of which contains a portion of the nanowire 
structures formed on the substrate. The die may be packaged 
in suitable packages and may be interconnected with cir- 

Further features of the invention, its nature and various 
advantages will be more apparent from the accompanying 
drawings and the following detailed description. 

5 

15 cuitry and other devices. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. l a  is a perspective view of an illustrative nanowire 
device substrate having a plurality of electrode pads and 
nanowire catalyst sites in accordance with the present inven- 

FIG. l b  is a perspective view of the device of FIG. l a  
following nanowire growth showing how nanowires may be 
grown from the catalyst sites in accordance with the present 
invention. 

FIG. 2a is a cross-sectional side view of an illustrative 
nanowire device showing how electrode pads may be pat- 
terned on a substrate in accordance with the present inven- 
tion. 

FIG. 2b is a cross-sectional side view of the illustrative 
nanowire device of FIG. 2a after catalyst sites have been 
formed on the device in accordance with the present inven- 
tion. 

FIG. 2c is a cross-sectional side view of the illustrative 
4o nanowire device of FIG. 2b after corresponding nanowires 

have been grown from the catalyst sites of FIG. 2b in 
accordance with the present invention. 

FIG. 2d is a cross-sectional side view of the illustrative 
nanowire device of FIG. 2c after an illustrative insulating 

45 layer has been formed on the nanowires in accordance with 
the present invention. 

FIG. 2e is a cross-sectional side view of the illustrative 
nanowire device of FIG. 2d after the illustrative insulating 
layer has been planarized in accordance with the present 

FIG. 3a is a cross-sectional side view of an illustrative 
nanowire device on which patterned electrode pads have 
been formed. 

FIG. 3b is a cross-sectional side view of the illustrative 
nanowire device of FIG. 3a after a thin catalyst layer has 
been deposited in accordance with the present invention. 

FIG. 3c is a cross-sectional side view of the illustrative 
nanowire device of FIG. 3b after the device has been heated 

6o sufficiently to cause the catalyst layer of FIG. 3b to gather 
into clumps of catalyst to form various catalyst sites on the 
surface of the device in accordance with the invention. 

FIGS. 4a-4d show how lithographic techniques may be 
used to pattern catalyst for nanowire devices. 

FIG. 4a is a cross-sectional side view of an illustrative 
nanowire device on which electrodes have been formed in 
accordance with the present invention. 

25 tion. 

30 
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FIG. 4b is a cross-sectional side view of the device of 
FIG. 4a after resist has been applied in accordance with the 
present invention. 

FIG. 4c is a cross-sectional side view of the device of FIG. 
4b after the resist has been patterned in accordance with the 5 
present invention. 

FIG. 4d is a cross-sectional side view of the device of 
FIG. 4c after catalyst has been deposited and the resist has 
been removed in accordance with the present invention. 

FIGS. 5a-5c show how a soft lithography technique may 
be used to pattern catalyst for nanowire devices. 

FIG. 5a is a cross-sectional side view of an illustrative 
soft lithography template in the process of being formed in 

FIG. 5b is a cross-sectional side view showing how the 
soft lithography template of FIG. 5b may be used to deposit 
catalyst solution in a pattern on the surface of the nanowire 
device in accordance with the present invention. 

FIG. 5c is a cross-sectional side view of the illustrative 20 

nanowire device of FIG. 5b showing how the deposited 
catalyst solution forms a pattern of catalyst sites in accor- 
dance with the present invention. 

FIG. 6 is a flow chart of illustrative steps involved in 
forming patterned catalyst sites using the soft lithography 25 
approach of FIGS. 5a-5c in accordance with the present 
invention. 

FIG. 7 is a schematic diagram illustrating how catalyst 
sites may be formed on a nanowire device using elec- 3o 
trodeposition and electroless deposition techniques in accor- 
dance with the present invention. 

FIG. Sa is a plan view of a nanowire device onto which 
microscopic spheres have been placed to serve as a mask 
during catalyst deposition in accordance with the present 35 
invention. 

FIG. 8b is a plan view of the device of FIG. Sa following 
catalyst deposition showing how the spheres of FIG. Sa may 
act as a mask for forming patterned catalyst sites in accor- 

FIG. 9 is a flow chart of illustrative steps involved in 
patterning catalyst onto nanowire devices using the 
approach illustrated in FIGS. Sa and 8b in accordance with 
the present invention. 

nanowire device substrate to which a film of collapsible 
microspheres impregnated with catalyst in the form of 
catalyst compounds has been applied in accordance with the 
present invention. 

FIG. 10b is a cross-sectional side view of the illustrative 
nanowire device of FIG. 10a after the catalyst has been 
released from the microspheres and deposited in a pattern of 
catalyst sites on the substrate surface in accordance with the 
present invention. 

FIG. 11 is a flow chart of illustrative steps involved in 
using the microsphere catalyst patterning approach of FIGS. 
10a and 10b to form catalyst sites in accordance with the 
present invention. 

1 u  

accordance with the present. 15 

dance with the present invention. 40 

FIG. 10a is a cross-sectional side view of an illustrative 45 
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DETAILED DESCRIPTION 

An illustrative nanowire device 12 before any nanowires 
have been grown is shown in FIG. la .  Device 12 may be 
formed using a substrate 10. One suitable substrate material 
is silicon, because silicon wafers are readily available from 65 
sources supplying the semiconductor industry. A typical 
silicon wafer may be 10 to 25 centimeters in diameter and 

4 
may have a thickness on the order of 1 mm. Other suitable 
substrates include other semiconductors, quartz, sapphire, 
and glass. These are merely illustrative examples. Any 
suitable substrate material may be used if desired. The 
device 12 of FIG. l a  may correspond to a die that has been 
cut from a larger wafer of substrate material during process- 
ing. In general, many devices 12 may be fabricated at the 
same time on a single wafer or other substrate. 

One or more optional electrode pads 14 may be formed on 
the surface of device 12. Electrode pads 14 and intercon- 
nects formed on device 12 may help to interconnect the 
nanowires on the device with circuitry on other devices. 
Pads 14 are preferably formed of a conducting substance 
such as a metal. Suitable metals for pads 14 include titanium, 
gold, and platinum. These are merely illustrative examples 
of pad metals that may be used. In general, pads 14 may be 
formed of any suitable metal. Metal alloys may be used or 
layers of different metals may be used (e.g., to promote 
adhesion with substrate 10). Pads 14 may be omitted and 
substrate 10 or a single metal layer that coats all of device 
12 on a large substrate may be used to electrically contact the 
nanowires. If desired, there may be no electrode layer 
formed on substrate 10. 

If pads 14 are used, pads 14 may be on the order of several 
microns in size. For example, the lateral dimension of pads 
14 (i.e., the length of a side of the square or the diameter of 
a circle) may be in the range of 100 nm to 1000 pm, may be 
in the range of 0.1 to 10 pm, may be in the range of 5 to 100 
pm, may be more than 5 pm, or may be in the range of 1 to 
20 pm. These are merely illustrative dimensions. The appro- 
priate size of pads 14 will typically be determined by the 
desired end use of device 12. For example, if the end use of 
device 12 is a display device, pads 14 may be the size of the 
pixel size in the display. If the end use of device 12 is as a 
biological sensor, the appropriate size and arrangement of 
pads 14 may be determined by the type of biological 
specimen that is being detected. 

As shown in FIG. la, one or more catalyst sites 16 may 
be provided on each pad 14. If one pad is used, the catalyst 
site or sites may be located on the single pad. If no electrode 
pads are used, the catalyst sites may be located directly on 
the substrate and any coatings that may be formed on the 
substrate (e.g., on oxide coatings, etc.). Typical catalysts for 
nanowire growth include metals such as nickel (to catalyze 
growth of nanowires such as carbon nanotubes) or gold (to 
catalyze growth of single-crystal semiconductor nanowires). 
If desired, some nanowires may be grown using non- 
catalytic nanowire growth techniques, but this is generally 
not preferred due to the difficulty of controlling nanowire 
growth parameters in the absence of catalyst. 

In the example of FIG. la, catalyst sites 16 are shown as 
being spaced at fairly regular intervals. This is merely 
illustrative. Catalyst sites 16 may be placed wherever 
needed for a particular nanowire device application. An 
advantage of using regular (non-random) patterns such as 
grids or arrays is that such an approach may help to ensure 
that the behavior of the nanowire device is well controlled. 

Nanowire diameters are typically on the order of 10 nm to 
100 nm. Accordingly, catalyst sites 16 typically have lateral 
dimensions 20 on the order of 10 nm to 100 nm, although 
sites with other suitable dimensions (e.g., 5-200 nm) may be 
used if desired. 

The density of the catalyst sites that is used depends on 
the desired density of nanowires to be grown. A wide range 
of nanowire densities may be used. For example, densities 
may range from l/cm2 to 1011/cm2 or more, from 103icm2 
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to 109/cm2, etc. Any density of nanowires within these case of a silicon substrate) or after a layer of oxide or other 
illustrative ranges or any other suitable density of nanowires suitable foundational surface layer has been grown (e.g., in 
may be produced by patterning catalyst sites 16 appropri- the case of a silicon wafer substrate), a layer of metal may 
ately. There may be one catalyst site 16 and therefore one be formed on substrate 10. As an example, a layer of 
nanowire per pad 14,1-100 sites and wires per pad, 102-103 titanium, gold, or platinum may be evaporated onto substrate 
sites and wires per pad, than 103 sites and wires per 10. Suitable adhesion metal layers may be used to enhance 
pad, or 103-1011 or sites and wires per pad if desired, the adhesion of the metal to substrate 10 if desired. Metal 

alloys may also be deposited if desired. Although a metal sites l6 has been layer is preferred, there may be certain applications where 
formed On substrate “3 nanowires l8 may be grown from other suitable conductors (e.g., doped polysilicon layers) 

grown using any suitable technique such as known thermal pads are used, 

The type of feedstock or Precursor used during CVD nanow- formed by patterning the deposited metal. A shadow mask 
ire growth is determined by the type of nanowire to be may be used during deposition to pattern the metal into pads 
grown. For example, organometallic compounds Or Precur- 14 or lithography tools may be used to pattern the metal into 
sors such as silane or silicon tetrachloride or other vapor pads 14, After patterning pads 14, patterned catalyst sites 16 
Precursors may be used to grow Single-CrYstal semiconduc- may be formed on the upper surface of substrate 10 (i.e., 
tor nanowires (e.g., silicon nanowires, zinc oxide nanowires, directly on substrate 10 or any coating on substrate 10 or on 
germanium phosphate nanowires, indium phosphide pads 141, as shown in FIG, 2b. 
nanowires, other 11-VI semiconductor nanowires, 111-V 20 As shown in FIG, 2c, after the catalyst sites 16 have been 
semiconductor nanowires, etc.) Feedstock such as methane, formed, nanowires 18 may be grown on catalyst sites 16 

gasses Or vapors may be used to grow and enhanced chemical vapor deposition, or any other suitable 
nanowire growth technique). The uniform alignment of the multiple-wall carbon nanotubes. 

During Plasma CVD growth, the inherent electric field 25 nanowires (e.g., all nanowires being vertical in the orienta- 
Produced by the Plasma may help to vertically orient the tion of the example of FIG. 2c), may be enhanced during 
nanowires 18 that are grown. An external electric field may nanowire growth by use of an electric field, 
also be applied to a Plasma or thermal CVD growth chamber As shown in FIG. 2 4  after the nanowires 34 have been 
to enhance the uniformity (e.g.9 the verticality) of the grown, a layer of material 20 (e.g., an electrical insulator 
nanowire alignment. A typical electric field strength that 30 such as silicon oxide or a polymer or spin-on glass) may be 
may be used to enhance nanowire alignment may be on the formed on the top of the structures on substrate 10. If 
order of 700 Vicm. desired, layer 20 may be formed from a number of different 

Dopants such as nitrogen, oxygen, or phosphorous may be materials. 
incorporated into single-crystal semiconductor nanowires by 35 L~~~~ 20 may Serve a number of purposes, F~~ 
introducing dopant gasses during nanowire growth Or by layer 20 may help to electrically insulate nanowires 18 from 
using any other suitable doping technique. Doped nanowires each other, which may be useful or essential for 
l8 be more conductive than undoPed semiconducting applications. Layer 20 may also provide additional structural 
nanowires, which may be advantageous when the nanowires support for nanowires 18, which may othemise be 
are used as conductors in finished nanowire devices. 4o susceptible to breakage or damage from the environment. 

After nanowires 18 have been grown from catalyst sites Accordingly, layer 20 may also serve to seal all or at least 
16 as shown in FIG. lb ,  it may be desirable to form a portion of nanowires 18 off from the environment. This 
additional material layers on device 12. For example, an type of encapsulation technique may be useful when the 
insulating layer such as a silicon oxide layer may be depos- nanowire structures are to be used in liquids or other 
ited or grown on the nanowires to form electrical insulation 45 potentially harsh environments during operation. Layer 20 
and to provide mechanical stability. may be, for example, a tetraethylorthosilicate (TEOS) oxide 

Such insulating layers may be planarized by chemical- layer or may be a spin-on glass layer or polymer layer that 
mechanical (“chem-mech”) polishing, mechanical is spun onto or sprayed onto substrate 10 and subsequently 
polishing, etching, or a combination of these techniques or cured (e.g., using an oven or hotplate). 
other suitable techniques. The use of spin-on glasses may After the deposition or growth process that results in layer 
also help to planarize the substrate 10 and devices 12. After 20 has been completed, the tips 22 of nanowires 18 may be 
planarization, devices 12 may be separated into individual exposed by planarizing the device 12. In the planarized 
devices 12 from the wafer or other substrate 10 in which substrate 10, the tips 22 of nanowires 18 are located in the 
they were processed and may be packaged in individual same plane as the planarized surface of the insulating 
packages for use in various applications. 

Further aspects of illustrative nanowire growth and device The use of a planarized encapsulation and insulating layer 
fabrication techniques are described in the commonly- 20 is one illustrative way in which to protect nanowires 18 
assigned concurrently-filed copending patent application from damage following growth. It may be desirable to use 
entitled “Nanowire Devices and Methods of Fabrication,” other device fabrication techniques, depending on the appli- 
(Attorney Docket NO. INI-l), Ser. NO. 101117,965, which is 60 cation in which device 12 is used. 
hereby incorporated by reference herein in its entirety. The catalyst patterning process described in connection 

The drawings of FIGS. 2a to 2e show a cross-sectional with FIGS. l a  and 2b may be implemented using a number 
side view (not to scale) of an illustrative substrate 10 and of different arrangements. In the following discussion of 
associated nanowire structures during steps involved in these arrangements, illustrative devices 12 are sometimes 
fabricating an illustrative nanowire device 12. 65 described that use electrode pads 14. The use of such pads 

After wafer preparation (e.g., cleaning by, for example, 14 is, however, generally optional and may not always be 
oxide growth and a cleaning hydrofluoric acid etch in the desired. 

After a pattern Of 

the sites 16, as shown in lb. Nanowires l8 may be lo may be used in place of metal or when no layer of electrode 

and plasma vapor deposition (CVD) techniques. Electrode pads 14 of the type shown in FIG, 2a may be 

benzene, Or Other hydrocarbon (e,g,, using thermal chemical vapor deposition, plasma- 

55 material of layer 20. 
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Acatalyst patterning approach based on a metal migration (i.e., the lateral dimensions of the nanowires to be grown 
technique is illustrated in FIGS. 3a, 3b, and 3c. Initially, from the catalyst sites) may be produced. 
device 12 may be processed to provide one or more pat- A lithographic approach for forming catalyst sites 12 is 
terned electrode pads 14, as shown in FIG. 3a. A thin layer shown in FIGS. 4a-4d. As shown in FIG. 4a, optional 
of metal catalyst 22 may then be deposited on substrate 10 5 electrodes 14 may be patterned on the surface of substrate 10 
and device 12 as shown in FIG. 3b. The catalyst metal may, in device 12 using any suitable technique (e.g., lithography). 
for example, be nickel for growth Of carbon Resist 24 may then be applied, as shown in FIG. 4b. Any 
nanotubes Or may be gold for catalyzing growth Of semi- suitable resist may be applied. For example, if it is desired 
conductor nanowires. These are to pattern the resist using ultraviolet (UV) lithography, a 
examples. Any suitable metal film may be deposited if 10 UV-sensitive photoresist may be used. If it is desired to 
desired. pattern the resist using e-beam lithography, an e-beam resist 

The catalyst layer 22 of FIG. 3b may be on the order of such as polymethylmethacrylate (PMMA) may be used. 
10 nm thick (e.g., in the range of 5-25 nm). As shown in Other resists may be used when other types of lithography 
FIG. 3c, heat may be applied to device 10 to induce the metal techniques are used to pattern the resist. Suitable types of 
of layer 22 to migrate about the surface of device 12. For lithography that may be used to pattern resist of device 
example, the temperature of device 12 may be raised to a features include e-beam lithography, UV lithography, deep 
temperature of 700 C or a temperature in the range of UV (DUV) lithography, extreme UV (EUV) lithography, ion 
50Ck1000 C or higher for a time in the range of a few beam lithography, laser-based techniques, and x-ray lithog- 
minutes to a few hours. Because layer 22 is relatively thin, raphy. 
the inherent self attraction of the metal (i.e., its surface 2o one illustrative example, deep uv lithography may be 
tension when made molten Or softened by the heat) causes used to pattern resist 24. Deep UV lithography tools are 
the layer 22 to form randomly-distributed clumps of metal. available that are based on excimer laser light sources that 
The metal clumps Serve as catalyst sites 16. If layer 22 is operate at the excimer laser wavelengths of 193 nm and 248 
deposited over the entire surface of device 12 (including the nm, phase&ift mash or other suitable masks may be used 
surfaces of pads 14 and the surface of substrate 10 without 25 to that high-quality features well under 200 nm in 
Pads 1412 Some of the be size are achievable when using these DUV wavelengths to 
located on pads 14, as shown by sites 16 in FIG. 3 ~ ,  and expose the photoresist, 
some of the catalyst sites may be located In the example of FIG. 4c, the resist layer 24 has been 

used, the relative melting (Softening) temperatures Of the nique when the catalyst is to be patterned using lift-off. If 

consideration, so that the catalyst migrates at a temperature resist and metal etching techniques used to pattern the 
that is lower than the temperature at which the pads would catalyst, 

As shown in FIG. 4c, after the resist has been exposed and be adversely affected. 

l2 is 35 (if needed) developed, the patterned resist may define one or 
Placed during the Process Of heating device l2 and substrate more holes 26. The holes 26 may, for example, have lateral 
10 to induce surface migration of the metal of layer 22 may dimensions on the order of the desired size for the catalyst 
affect the morphology of the resulting metal clumps (catalyst sites 16, 
sites). Accordingly~ device l2 may be heated in a gas The catalyst metal (e.g., nickel, gold, etc.) may be depos- 
environment that has been selected for its ability to produce 40 ited (e,g,, by evaporation) on top of resist 24, The catalyst 

metal may fill the bottom of the holes 26, but preferably does a certain type of catalyst site morphology. 
If it is desired to Produce catalyst Sites that have a not significantly coat the sides of holes 26. As a result, the 

three-dimensional beaded quality, devices 12 may be heated resist 24 and therefore the catalyst metal that lies on top of 
in a hydrogen-rich (reducing) environment. This type of 45 the resist may be removed by placing device 12 (e.g., the 
atmosphere tends to passivate the oxides on metal pads 14 wafer of devices 12 that are being processed) into a resist 
and on the other (coated or uncoated) portions of the surface solvent, Using this well-known lift-off technique, the resist 
of substrate 10. When the exposed surface of device 12 is and unneeded portions of the deposited catalyst metal may 
passivated in this way, the metal tends to separate easily be removed, leaving the catalyst metal that was deposited at 
from the surface and is therefore more influenced by its own 5o the bottom of holes 26, as shown in FIG. 4d. The metal at 
surface tension. As a result, the catalyst Will generally form the bottom of holes 26 forms catalyst sites 16 of FIG. 4d. 
clumps that are beaded in appearance. Another suitable approach for patterning catalyst on 

If it is desired to produce catalyst sites that have a device 12 involves using so-called soft lithography. With 
flattened two-dimensional morphology, devices 12 may be this approach a template is formed that absorbs catalyst in 
heated in an oxygen-rich (oxidizing) environment. By sup- 55 solution (“catalyst ink”). The catalyst ink may be deposited 
plying oxidizing gas to the surface of device 12 during in a pattern by pressing the template against the upper 
heating, the surface tends to oxidize and become attractive surface of substrate 10. 
to the metal when in its molten or softened state. The surface A cross-sectiona~ side view of an illustrative template 28 
tension of the metal may not be able to Overcome this in the process of being formed is shown in FIG. 5a. In the 
inherent attraction. The metal therefore has the tendency to 60 example of FIG, sa, template 28 is formed from a polymer 
remain flattened against the surface, rather than forming or other suitable substance that may be molded against a 
beads of metal. template forming tool 30. The polymer from which template 

Factors such as the gasses used during heating, the 28 is formed may be flexible, so a support structure 32 may 
amount of heating, and length of time for which heat is be used to help support template 28. Initially, polymer layer 
applied, the metal type, and the metal thickness all affect the 65 28 may be deposited on support 32. Polymer layer 28 
size and distribution of the catalyst sites. In general, catalyst preferably has good adhesion to support 32 and poor adhe- 
sites having lateral dimensions on the order of 10-100 nm sion to template forming tool 30, so that after polymer layer 

sites that are formed 

On 

strate lo, as shown by site 16’ in 3c. When pads l4 are 3o deposited before the catalyst, This is an appropriate tech- 

desired, however, the catalyst may be deposited before the respective Of pads l4 and sites l6 may be taken into 

The Of gaseous in which 
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28 has been pressed between support 32 and tool 30 as substrate 10 or may be made using electrodes that are in 
shown in FIG. 5a, support 32 and template 28 may be direct electrical contact with surface pads 14 (as shown in 
removed from tool 30 without sticking to tool 30. The FIG. 7). When current is applied to device 12, catalyst 
resulting template may have a pattern of raised features that deposition is induced in holes 43 through the process of 
match the desired pattern of catalyst sites that are to be s electrodeposition. The resulting catalyst metal 52 forms 
formed on device 12. catalyst sites 16 in a pattern matching the pattern of material 

After template 28 has been formed, template 28 may be 43. Following electrodeposition, material 43 may be 
impregnated with catalyst solution (“ink”). Once the catalyst removed from device 12 (e%., using a solvent). 
solution has soaked into template 28, the template 28 and As shown in the lower right portion of FIG. 7, catalyst 
support 32 may be pressed against the upper surface of 10 may also be deposited using an electroless deposition pro- 
substrate 10 and device 12, as shown in FIG. 5b. In the cess. With this approach, the catalyst metal 52 is deposited 
example of FIG. 5b, device 12 has optional electrode pads in holes 43 through an electrochemical reaction between 
14. The tips 34 of template 34 contact device 12 at locations catalyst solution 46 and the underlying metal of pad 14 or 
at which it is desired to form catalyst sites 16. The pressure other material at the bottom of holes 43. Once the metal 52 
between template tips 34 and device 12 causes template 28 15 has been deposited to form the desired pattern of catalyst 
to release a small quantity of the catalyst solution onto the sites 16, the material 43 may be removed if desired. With 
surface of device 12 at the tip locations. (If desired, catalyst electroless deposition it is not necessary to apply a current 
ink may be spread onto the surface or sprayed onto the to device 12 during the deposition process. 
surface of device 12 without using a template). An approach for forming patterned catalyst sites 16 using 

The deposited catalyst solution may be air dried or may be 2o a mask of microscopic spheres is shown in FIGS. Sa and 8b. 
dried using an oven, hot plate, or other suitable heating or As shown in the plan view of FIG. Sa, spheres 54 may be 
drying arrangement. As shown in FIG. 5c, catalyst sites 16 applied to device 12 in a single-layer or nearly single-layer 
are formed when the catalyst solution dries leaving catalyst film. When catalyst (e.g., nickel or gold) is deposited on top 
behind. of spheres 54 of FIG. Sa (e.g., using evaporation), the 

Illustrative steps involved in using soft lithography to 25 spheres 54 act as a mask, blocking the catalyst from reaching 
form catalyst sites 16 are shown in FIG. 6. At step 36, the the surface of device 12 and forming the Pattern of catalyst 
soft lithography template may be formed using a template sites 16 shown in FIG. 8b. 
forming tool of the type shown in FIG. 5a or other suitable Illustrative steps involved in using microscopic spheres to 
techniques. The template has a pattern of raised features that form a masking layer of the type used in FIGS. Sa and 8b are 
matches the pattern of catalyst sites that are to be formed on 30 shown in FIG. 9. At step 56, the substrate 10 and device 12 
the surface of device 12. may be prepared. For example, any desired (optional) elec- 

catalyst. For example, a solution of catalyst (e.g., a liquid in At step 58, microscopic spheres 54 may be applied to the 
which the catalyst is contained such as a colloid) may be 35 surface of device 12. For example, a solution of microscopic 
applied to the template until the template absorbs the cata- spheres may be applied to the surface of a wafer containing 
lyst solution. multiple devices using spraying, the spin-on technique, or 

At step 40, the template may be placed into contact with any other suitable technique. The spheres 54 may be formed 
the substrate 10 and device 12. For example, the template 28 from any suitable material such as oxides, silicon dioxide, 
may be pressed against the upper surface of device 12 as 4o Polystyrene, PMMA, metal, ceramics, Polymers, etc. 
shown in FIG. 12. This causes the tips 34 of template 28 to Spheres 54 may have diameters in the range of 100 nm to 10 
release catalyst solution in the desired locations for the ium or more. These are merely illustrative dimensions. 
catalyst sites 16. The patterned catalyst solution that has Spheres with any suitable dimensions for forming desired 
been applied to the device in this way may be dried using a catalyst site Patterns may be used. 
hot plate, oven, or other suitable arrangement, thereby 45 At step 60, the liquid (solution) with which the spheres 
forming suitable catalyst sites 16 prior to subsequent nanow- were applied to the surface of device 12 may be removed by, 
ire growth. When the catalyst solution dries it forms catalyst for example, applying heat to device 12 using a hot plate, 
at the catalyst sites. vacuum oven, oven, or other suitable equipment. 

Patterned catalyst sites may also be formed using elec- Spheres 54 are preferably applied to the surface of device 
trochemical techniques, as shown in FIG. 7. As shown in the 50 12 in a single layer, so that catalyst can be deposited to the 
upper portion of FIG. 7, device 12 may have optional surface of device 12 through the interstitial areas or regions 
electrode pads 14 patterned on substrate 10. A masking formed by adjoining spheres. Catalyst (e&, nickel or gold) 
material 42 may be applied in a desired pattern on the top may be deposited using evaporation, sputtering, or any other 
surface of device 12 (e.g., on top of any pads 14 that are on suitable deposition technique at step 62. The spheres 54 
device 12). The material 42 may be resist, oxide, nitride, or 5s block the catalyst except in the interstitial locations, SO that 
any other suitable material for use as a mask during elec- a catalyst pattern of the type shown in FIG. 8b is formed on 
trochemical deposition. The material 42 may be patterned device 12. 
(e.g., by lithography or other suitable techniques) to define Following catalyst deposition, spheres 54 may be 
holes 43 where it is desired to deposit catalyst. removed from the surface of device 12 (e.g., using a 

As shown in the lower left portion of FIG. 7, the device 60 solvent), leaving the catalyst sites 16 for use in growing 
12 with the patterned material 42 may be immersed in a nanowires. 
vessel 44 containing an electrolyte 46 (an electrochemical Catalyst may be patterned on substrate 10 using collaps- 
solution containing catalyst). Electric current may be ible catalyst microcapsules or microscopic spheres 
applied to device 12 using a voltage or current source 48. (microspheres) 66, as shown in FIGS. 10a and lob. Micro- 
Source 48 may be connected between an electrode 50 that is 65 spheres 66 may be formed from polystyrene or other suitable 
immersed in solution 46 and device 12. The connection to materials. The diameter of microspheres 66 may be selected 
device 12 may be made, e.g., via a backside contact to the based on the desired spacing between adjacent catalyst sites 

At step 38, the template 28 may be impregnated with trode pads 14 may be patterned on the surface of device 12. 
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16 (FIG. lob). In general, the diameter may be in the range The devices 12 that have been formed on a substrate 10 
of 100 nm to 10 pm. As an example, the microspheres may may be separated (e.g., by dicing a wafer into individual die 
have a diameter of about 5 pm or 3-10 pm. The microcap- or individual portions of substrate). Various packaging tech- 
sules are preferably porous (e.g., 40% porous), so that they niques may be used. For example, device 12 may be 
may be filled with metal salts (i.e., metal compounds such as 5 wire-bonded or connected with solder balls to a ceramic 
FeC1, in the case of an iron catalyst). carrier, lead-frame, dual-inline package, or other suitable 

The microspheres 66 may be transformed into catalyst mount or housing. Circuitry on other integrated or discreet 
sites 16 as shown in FIG. lob, by applying heat and an circuits may be interconnected with device 12. Hermetic 
appropriate atmosphere to the microspheres. In this process, sealing may be used to protect portions of device 12 from the 
the polystyrene or other microsphere material is consumed environment. After any desired post processing steps such as 
and the metal salts transform into suitable catalyst materials these are performed, device 12 may be installed in a system 
such as metal oxide catalyst deposits. The deposits form in (e.g., in a sensor instrument or in a display, etc.) 
the same location where the microspheres were located, It will be understood that the foregoing is only illustrative 
thereby forming an evenly distributed pattern of catalyst of the principles of the invention and that various modifi- 
sites 16, as shown in FIG. lob. cations can be made by those skilled in the art without 

Illustrative steps involved in forming catalyst sites 16 departing from the scope and spirit of the invention. Many 
from collapsible microspheres are shown in FIG. 11. At step Of modifications have been given through the 
68, substrate 10 may be prepared. For example, optional foregoing specification. 
electrode pads 14 may be provided on device 12 using any The Invention is: 
suitable deposition and patterning techniques. 1. A method for forming a plurality of catalyst sites from 

20 which to grow nanowires for a nanowire device that has a At step 70, the microspheres 66 may be applied to the substrate with an upper surface, the method comprising: substrate 10 and device 12. The microspheres may be 
provided in the form of a liquid that is sprayed onto substrate depositing a layer of catalyst on the upper surface of the 
10 (e.g., while substrate 10 is in the form of a wafer), that substrate; and 
is applied to substrate 10 using the spin-on technique, or that 25 heating the substrate and catalyst sufficiently to cause the 
is applied to the surface of substrate 10 using any other catalyst to migrate along the surface of the substrate to 
suitable technique. To avoid the situation in which catalyst form individual clumps of catalyst, wherein the clumps 
sites 16 merge into each other excessively, the thickness of serve as the catalyst sites for nanowire growth. 
the film containing the microspheres and the concentration wherein the catalyst is 
of the microspheres are preferably not too great. This of gold and 
ensures sufficient separation of the catalyst sites 16 from 30 
each other. 3. The method defined in claim 1 hrther comprising 

At step 72, the microspheres may be heated so that they heating the substrate and catalyst in a reducing environment. 
are collapsed (e.g., by burning or oxidizing). Any suitable 4. The method defined in hrther comprising 
environment may be used to induce transformation of the 35 heating the substrate and catalyst in an oxidizing environ- 

microspheres 66 into catalyst sites 16. The microspheres 

2. The method defined in 
a from the group 

ment. 
may, for example, be heated to a temperature of 400 C for 
72 hours in an atmosphere of air, (Other temperatures such 
as temperatures in the range of 300-500 C and other times 

5 .  A method for forming a plurality Of sites from 
device that has a which to grow 

substrate with an upper surface, the method comprising: 
for a 

such as times from 48-96 hours may be used). The size of 40 
catalyst sites 16 may be controlled by adjusting the amount using deep uv lithography to Pattern the resist to form a 
of catalyst that is used to fill the porous structure of the plurality of holes in the resist at desired locations on the 
spheres. As with the other catalyst patterning arrangements upper surface of the substrate; 
described above, nanowires can be grown from the catalyst depositing a layer of catalyst on the patterned resist; and 
sites. removing the resist after the catalyst has been deposited to 

With the microsphere masking approach of FIGS. Sa, 8b, 
and 9 and with the porous microsphere approach of FIGS. 6. The method defined in claim 5 wherein using deep UV 
loa, lob, and 11, the spheres or capsules need not be lithography comprises using excimer lasers and phase shift 
perfectly round and different shapes (e.g., cubes, irregular masks to form the plurality of holes. 
solids, etc.) may be used for the capsules in place of spheres. 50 7. The method defined in claim 5 wherein the catalyst 
Moreover, the capsules need not be uniform in diameter or comprises a metal and wherein the method further comprises 
lateral dimension. A narrow distribution or a wide distribu- growing nanowires from the catalyst sites. 
tion of different dimensions may be used, so long as the 8. The method defined in claim 5 wherein the catalyst 
resulting catalyst pattern is acceptable for the desired appli- comprises a metal and wherein the method further comprises 
cation of the nanowire device 12. 55 growing nanowires from the catalyst sites, the method 

After one of the above catalyst patterning techniques has further comprising depositing a layer of insulator on top of 
been used to from a desired pattern of catalyst sites 16 on the nanowires and planarizing the deposited insulator so that 
device 12, nanowires (e.g., single-wall carbon nanotubes, tips of the nanowires are exposed. 
multiple-wall carbon nanotubes, or semiconductor 9. A method for forming a plurality of catalyst sites in a 
nanowires) may be grown from the catalyst sites (e.g., using 60 desired Pattern from which to grow nanowires for a nanow- 
thermal CVD or plasma CVD). Additional processing steps ire device that ha S a substrate with an upper surface, the 
such as material deposition and patterning steps may then be method comprising: 
performed if desired to further adapt devices 12 for use in impregnating a template having a pattern of raised fea- 
desired applications such as sensor equipment applications, tures that match the desired pattern of the catalyst sites 
field emitter applications for displays, etc. Device 12 may 65 with a catalyst solution; and 
also be planarized (e.g., using a chemical-mechanical pol- placing the template against the upper surface to release 
ishing technique). catalyst solution onto the upper substrate surface in the 

a layer Of resist to the substrate; 

45 
leave catalyst at the catalyst sites. 
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desired pattern, wherein the catalyst solution forms 
catalyst at the catalyst sites when dry. 

10. The method defined in claim 9 wherein the catalyst 

removing the microscopic spheres from the upper surface 
after the catalyst has been deposited so that catalyst 
remains on the upper surface at the catalyst sites. 

14. The method defined in claim 13 wherein applying the 
11. A method for forming a plurality of catalyst sites from 5 layer Of microscopic spheres to the upper surface comprises: 

applying a liquid containing the microscoPic spheres to 

heating the substrate to remove the liquid and leave the 

includes a metal. 

which to grow nanowires for a nanowire device that has a 
substrate with an upper surface, the method comprising: 

applying a layer of material to the substrate that has a 

the upper surface; and 

microscopic spheres. plurality Of wherein the define desired 15, The method defined in claim 13 wherein the micro- 
scopic spheres have diameters in the range of 3 to 10 
microns. 

16. Amethod for forming a plurality of catalyst sites from 

locations for the catalyst sites; 

and 

iting catalyst metal in the holes from the liquid. 
12. The method defined in claim 11 wherein forming the 

catalyst sites further comprises depositing catalyst metal by 
electrodeposition. 

13. A method for forming a plurality of catalyst sites from 
which to grow nanowires for a nanowire device that has a 2o 
substrate with an upper surface, the method comprising: 

immersing the substrate in a liquid containing catalyst; 

forming the catalyst sites for nanowire growth by depos- which to grow nanowires for a nanowire device that has a 
substrate with an upper surface, the method comprising: 

applying a layer of microscoPic Porous spheres filled with 
catalyst to the upper surface; 

applying heat to the microscopic porous spheres to trans- 
form the microscopic porous spheres into the catalyst 
sites. 

17. The method defined in claim 16 wherein the catalyst 
in the porous spheres is provided in the form of a metal salt. 

to the microscopic porous spheres comprises heating the 
microscopic porous spheres to a temperature in the range of 

a layer Of microscopic spheres to the upper 18, The method defined in claim 16 wherein applying heat 
surface; 

depositing a layer of catalyst on top of the microscopic 
spheres, so that catalyst is deposited on the upper 25 300-500 C for at least 48 hours in an air atmosphere. 
surface in interstitial regions defined by the micro- 
scopic spheres; and * * * * *  


