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FIELD

The embodiments disclosed herein relate to the field of optics, and more

particularly to an apparatus and methods for nanolithography using nanoscale optics.

BACKGROUND

Nano-optics is the study of optical interactions with matter on a subwavelength

scale. Nano-optics has numerous applications in optical technologies such as

nanolithography, optical data storage, photochemistry on a nanometer scale, solar cells,

materials imaging and surface modification with subwavelength lateral resolution, local

linear and nonlinear spectroscopy of biological and solid-state structures, quantum

computing, quantum communication and optical networking.

Nanolithography is a method for the creation of nanoscale structures. Usually one

creates a pattern of a desired nanostructure in a template material, and then uses this

template to fabricate the nanostructure. Nanolithography can employ a computer

controlled electron beam and an electron sensitive template material. Several other

nanolithography techniques employ nanotools, like the scanning probe microscope (SPM)

or atomic force microscope (ATM) to create the templates. However, these techniques are

extremely expensive and slow.

One common method of nanolithography, used particularly in the creation of

microchips, is known as photolithography. Photolithography is limited in the size it may

reduce to, however, because if the wavelength of light used is made too small the optical

lens simply absorbs the light in its entirety. Photolithography is limited due to light



diffraction limitations, i.e. the nanostructure dimensions are smaller than the wavelength

of the light. Currently, photolithography can create features around the 90 nm scale. This

means that photolithography cannot reach the super-fine sizes of some alternate

technologies, such as electron-beam lithography. Using an electron beam to draw a

pattern nanometer by nanometer, incredibly small sizes (on the order of 20 nm) may be

achieved. Industrial applications of electron-beam lithography have been limited because

it is more expensive and time consuming than photolithography. Recent nanolithography

technologies, such as extreme ultraviolet lithography, are capable of using light at

wavelengths of about 13.5 nm. While hurdles still exist in this new field, nanolithography

promises the possibility of sizes far below those produced by current industry standards.

Other nanolithography techniques include dip-pen nanolithography, in which a small tip is

used to deposit molecules on a surface. Dip-pen nanolithography can achieve very small

sizes, but cannot currently go below 40 nm.

Prior art nanolithography techniques for generating structures on various surfaces

are described in U.S. Patent No. 6,569,575 entitled "Optical lithography beyond

conventional resolution limits;" U.S. Patent No. 6,833,162 entitled "Colored

nanolithography on glass and plastic substrates;" U.S. Patent No. 7,057,832 entitled

"Microlens for projection lithography and method of preparation thereof;" and U.S. Patent

Application Publication No. 20050221202 entitled "Wavelength filtering in

nanolithography," all of which are hereby incorporated by reference in their entireties for

the teachings therein.

It would be beneficial to develop an inexpensive and effective solution for

nanolithography that may both successfully and easily be used to create sub-micron

structures.

SUMMARY

An apparatus and methods for an apparatus and methods for nanolithography using

nanoscale optics are disclosed herein. Submicron-scale structures may be obtained using

standard photolithography systems with a de-magnifying lens.

According to aspects illustrated herein, there is provided a de-magnifying lens for

use in a standard photolithography system that includes a film having a top surface, a

bottom surface and a plurality of cylindrical channels containing a dielectric material; and



an array of carbon nanotubes penetrating the film through the plurality of cylindrical

channels, wherein an image on the top surface of the film is converted into a de-magnified

image on the bottom surface of the film by the carbon nanotubes.

According to aspects illustrated herein, there is provided a nanolithography

apparatus having a metallic film having a top surface, a bottom surface and a plurality of

cylindrical channels containing a dielectric material; and an array of nanorods penetrating

the metallic film through the plurality of cylindrical channels, the array of nanorods

having a protruding portion that extends beyond a surface of the metallic film and an

embedded portion that is within the metallic film.

According to aspects illustrated herein, there is provided a method for obtaining a

de-magnified image that includes coating the surface of a substrate base with a photoresist

material; focusing an optical signal through a system of lenses onto a photomask that

contains a projected image; passing the optical signal through the photomask; and

focusing the optical signal through a de-magnifying lens, the de-magnifying lens

comprising a film having a top surface, a bottom surface and a plurality of cylindrical

channels containing a dielectric material and an array of carbon nanotubes penetrating the

film through the plurality of cylindrical channels, wherein an image on the top surface of

the film is converted into a de-magnified image on the bottom surface of the film by the

carbon nanotubes.

BRIEF DESCRIPTION OF THE DRAWINGS

The presently disclosed embodiments will be further explained with reference to

the attached drawings, wherein like structures are referred to by like numerals throughout

the several views. The drawings are not necessarily to scale, the emphasis having instead

been generally placed upon illustrating the principles of the presently disclosed

embodiments.

FIG. IA shows a schematic image of a nano-optics apparatus that includes an array

of carbon nanotubes, the array consists of portions that protrude from a metallic film,

known as nano-optical antennas, and a portion that is embedded within the metallic film,

known as a nano-coaxial transmission line. The nano-optics apparatus is synthesized in

accordance with the presently disclosed embodiments.



FIG. IB shows a cross-sectional view of the nano-coaxial transmission lines of

FIG. IA.

FIG. 2A shows a three-dimensional configuration of a nano-optics apparatus

synthesized in accordance with the presently disclosed embodiments.

FIG. 2B shows a scanning electron microscopy (SEM) image of the carbon

nanotubes used in the nano-optics apparatus of FIG. 2A.

FIG. 2C shows a transmission optical microscope image of the nano-optics

apparatus of FIG. 2A.

FIG. 3A shows the method steps for synthesizing a nano-optics apparatus in

accordance with the presently disclosed embodiments.

FIG. 3B shows the method steps for synthesizing a nano-optics apparatus in

accordance with the presently disclosed embodiments.

FIG. 4 shows a graph of nano-optical antenna length versus radiation wavelength,

at a maximum radar cross section (RCS) scattering amplitude

FIG. 5A shows visible and SEM images (overlayed) of a section of a nano-optics

apparatus synthesized in accordance with the presently disclosed embodiments.

FIG. 5B shows scanning electron microscopy (SEM) images of the nano-optics

apparatus of FIG. 5A.

FIG. 6 shows a de-magnifying lens having an array of straight carbon nanotubes

synthesized in accordance with the presently disclosed embodiments.

FIG. 7 shows a de-magnifying lens having an array of non-straight carbon

nanotubes synthesized in accordance with the presently disclosed embodiments.

FIG. 8 shows a three-dimensional schematic image of the de-magnifying lens of

FIG. 7 synthesized in accordance with the presently disclosed embodiments.

FIG. 9 shows a de-magnifying lens having pixels on a top surface that directly

correspond to pixels on a bottom surface synthesized in accordance with the presently

disclosed embodiments.



FIG. 10 shows a de-magnifying lens having pixels on a top surface that are

scrambled with respect to pixels on a bottom surface synthesized in accordance with the

presently disclosed embodiments.

FIG. 11 shows a schematic of a de-magnifying lens of the presently disclosed

embodiments in use with a representative photolithography system.

While the above-identified drawings set forth presently disclosed embodiments,

other embodiments are also contemplated, as noted in the discussion. This disclosure

presents illustrative embodiments by way of representation and not limitation. Numerous

other modifications and embodiments can be devised by those skilled in the art which fall

within the scope and spirit of the principles of the presently disclosed embodiments.

DETAILED DESCRIPTION

The embodiments disclosed herein relate to the field of nanoscale optics and more

particularly to an apparatus and methods for obtaining submicron-scale structures using

standard photolithography systems with a de-magnifying lens.

The presently disclosed embodiments use light transmitting nanostructures

(nanocoaxes) as optical processors, capable of de-magnifying and delivery of the optical

pattern of a nanostructure onto a photoresist template. The nano-coaxial transmission

lines act as a de-magnifying lens imaging a super-wavelength pattern into the identical,

but scaled-down sub-wavelength pattern.

A nano-optics apparatus includes an array of carbon nanotubes that penetrate a

film through cylindrical channels that are filled with a dielectric material. Each of the

carbon nanotubes comprise two portions that protrude from the film and act as nano-

optical antennas; and portions that are embedded within the film and act as a nano-coaxial

transmission line (nano-CTL). The nano-optical antennas are capable of receiving

(collecting); transmitting; and re-emitting an optical signal. The nano-coaxial

transmission line (nano-CTL) converts energy trapped in currents along the nano-optical

antenna into a manageable signal and allows for propagation of the optical signal with a

wavelength exceeding perpendicular dimensions of the carbon nanotubes. The nano-

optics apparatus is used as a de-magnifying lens for nanolithography.



The following definitions are used to describe the various aspects and

characteristics of the presently disclosed embodiments.

As referred to herein, "nano-optics" and "nanoscale optics" are the study of optical

interactions with matter on a subwavelength scale.

As referred to herein, "carbon nanotube", "nanowire", and "nanorod" are used

interchangeably.

As referred to herein, "nanoscale" refers to distances and features below about

5000 nanometers (one nanometer equals one billionth of a meter).

As referred to herein, "single-walled carbon nanotubes" (SWCNTs) include one

graphene sheet rolled into a cylinder. "Double-walled carbon nanotubes" (DWCNTs)

include two graphene sheets in parallel, and those with multiple sheets (typically about 3

to about 30) are "multi-walled carbon nanotubes" (MWCNTs).

As referred to herein, "single-core coaxial transmission lines" (SCCTL) include

one nanotube at the center. A "double-core coaxial transmission lines" (DCCTL) include

two nanotubes at the center.

As referred to herein, carbon nanotubes (CNTs) are "aligned" wherein the

longitudinal axis of individual tubules are oriented in a plane substantially parallel to one

another.

As referred to herein, a "tubule" is an individual CNT.

As referred to herein, "linear CNTs" refer to CNTs that do not contain any

branches originating from the surface of individual CNT tubules along their linear axes.

As referred to herein, "array" refers to a plurality of CNT tubules that are proximal

to one another.

As referred to herein, a "nanoscale coaxial line" refers to a nanoscale coaxial wire,

which includes a plurality of concentric layers. In an embodiment, the nanoscale coaxial

line has three concentric layers: an internal conductor, a photovoltaic coating around the

core, and an outer conductor. Transmission of electromagnetic energy inside the coaxial

line is wavelength-independent and happens in transverse electromagnetic (TEM) mode.



In an embodiment, the internal conductor is a metallic core. In an embodiment, the outer

conductor is a metallic shielding.

As referred to herein, a "nanoscale coplanar line" refers to a nanoscale coplanar

structure, which includes a plurality of parallel layers. In an embodiment, the nanoscale

coplanar line has three parallel layers: two metallic conductors, with a photovoltaic

coating between them. Transmission of electromagnetic energy inside the coplanar line is

wavelength-independent and happens in transverse electromagnetic (TEM) mode.

As referred to herein, "transverse electromagnetic (TEM)" refers to an

electromagnetic mode in a transmission line for which both the electric and magnetic

fields are perpendicular to the direction of propagation. Other possible modes include but

are not limited to transverse electric (TE), in which only the electric field is perpendicular

to the direction of propagation, and transverse magnetic (TM), in which only the magnetic

field is perpendicular to the direction of propagation.

As referred to herein, a "catalytic transition metal" can be any transition metal,

transition metal alloy or mixture thereof. Examples of a catalytic transition metals

include, but are not limited to, nickel (Ni), silver (Ag), gold (Au), platinum (Pt),

palladium (Pd), iron (Fe), ruthenium (Ru), osmium (Os), cobalt (Co), rhodium (Rh) and

iridium (Ir). In an embodiment, the catalytic transition metal comprises nickel (Ni).

As referred to herein, a "catalytic transition metal alloy" can be any transition

metal alloy. Preferably, a catalytic transition metal alloy is a homogeneous mixture or

solid solution of two or more transition metals. Examples of a catalytic transition metal

alloy include, but are not limited to, a nickel/gold (Ni/Au) alloy and a cobalt/iron (Co/Fe)

alloy.

The terms "nanotubes," "nanowires," "nanorods," "nanocrystals," "nanoparticles"

and "nanostructures" are employed interchangeably herein. These terms primarily refer to

material structures having sizes, e.g., characterized by their largest dimension, in a range

of a few nanometers (nm) to about a few microns. In applications where highly symmetric

structures are generated, the sizes (largest dimensions) can be as large as tens of microns.

As referred to herein, "CVD" is chemical vapor deposition. In CVD, gaseous

mixtures of chemicals are dissociated at high temperature (for example, CO2 into C and



O2). This is the "CV" part of CVD. Some of the liberated molecules may then be

deposited on a nearby substrate (the "D" in CVD), with the rest pumped away. Examples

of CVD methods include but not limited to, "plasma enhanced chemical vapor deposition"

(PECVD), "hot filament chemical vapor deposition" (HFCVD), and "synchrotron

radiation chemical vapor deposition" (SRCVD).

As referred to herein, an "optical signal" refers to any electromagnetic radiation

pulse including gamma rays, X-rays, ultraviolet light, visible light, infrared, microwaves,

radio waves (ULF, VLF, LF, MF, HF, long, short, HAM, VHF, UHF, SHF, EHF), cosmic

microwave background radiation and other forms of radiation of the electromagnetic

spectrum.

Carbon nanotubes have unique mechanical and electronic characteristics, which

make them suitable for nanomechanical and nanoelectromechanical applications, in

particular nanoscale electronics. Carbon nanotubes may act as antennas, but instead of

transmitting and receiving radio waves, which are at the longest end of the

electromagnetic spectrum, antennas of their size pick up the nanoscale wavelengths of

visible light.

The presently disclosed embodiments generally relate to the use of carbon

nanotubes to fabricate a nano-optics apparatus. The nano-optics apparatus is a

multifunctional nano-composite material made of a film having a top surface (illuminated

surface) and a bottom surface (substrate surface) and a plurality of cylindrical channels

filled with a dielectric material. An array of carbon nanotubes penetrate the film through

the plurality of cylindrical channels. The array of carbon nanotubes have protruding

portions that extend beyond a surface of the film and embedded portions that are within

the film. The protruding portions act as nano-optical antennas and are capable of

receiving (collecting), transmitting, and re-emitting an optical signal. The embedded

portions act as a nano-coaxial transmission line (nano-CTL) and converts energy trapped

in currents along the nano-optical antenna into a manageable signal and allows for

propagation of the optical signal (external radiation) with a wavelength exceeding

perpendicular dimensions of the carbon nanotubes.

FIG. IA shows a schematic image of a nano-optics apparatus 100 synthesized in

accordance with the presently disclosed embodiments. The nano-optics apparatus 100 has



an array ot carbon nanotubes 120 that penetrate a film 140 through cylindrical channels

160 filled with a dielectric material 180. Each carbon nanotube 120 has ends that act as

nano-optical antennas 110 that protrude from each surface of the film, and a nano-coaxial

transmission line (nano-CTL) 115 that is embedded within the film 140. In an

embodiment, the film is metallic. FIG. IB shows a cross-sectional view of the carbon

nanotubes 120. In FIG. IB, the diameter of the carbon nanotubes 120 is defined as 2r

while the diameter of the cylindrical channels 160 is 2R. Those skilled in the art will

recognize that the diameters may vary and be within the spirit and scope of the presently

disclosed embodiments.

FIG. 2A shows a three-dimensional image of a basic structure configuration of a

nano-optics apparatus 200 synthesized in accordance with the presently disclosed

embodiments. The nano-optics apparatus 200 has an array of carbon nanotubes 220 that

penetrate a film 240 through cylindrical channels filled with a dielectric material 280.

Nano-optical antennas 210 extending beyond a metallic film 240 are capable of receiving

and transmitting an electromagnetic radiation. The incoming light, collected by an array of

the nano-optical antennas 210, is compressed into nanoscopic channels of the nano-coaxial

transmission lines (cables), and is subsequently decompressed (and reemitted) on the

opposite surface of the metallic film 240 by the nano-optical antenna 210 segments. The

nano-optical antennas 210 possess the directional characteristics of conventional antennas,

proving that conventional, radio technology applies to the nano-optics apparatus 200 in the

visible frequency range. The conventional coaxial cables for light may also be developed.

An advantage of using the nano-coaxial transmission lines is that they do not have a cut¬

off frequency (in contrast to waveguides), i.e. the nano-coaxial transmission lines allow

for propagation of radiation with wavelength exceeding their perpendicular dimensions.

The purpose of using the nano-coaxial transmission lines in the nano-optics apparatus 200

is to channel, and compress the external radiation into the confined space between the

internal and external electrodes.

FIG. 2B shows a scanning electron microscopy image showing the relative

characteristics of the carbon nanotubes 220 of FIG. 2A. The carbon nanotubes 220 are

aligned linearly in the nano-optics apparatus 200. FIG. 2C shows a transmission electron

microscopy image of the nano-optics apparatus 200 of FIG. 2A. In the nano-optics

apparatus 200 of FIG. 2A, only the top half of the nano-optics apparatus 200 was etched



during fabrication, the bottom half was not etched. This results in just the top half portion

having transmitted light, as seen in the transmission optical microscopy image of FIG. 2C.

FIG. 3A shows an exemplary method for synthesizing the nano-optics apparatus

100. In step 1, chromium is sputtered onto a glass substrate, typically at a thickness of

about 15 nm. A selected thickness of catalytic transition metal (for example nickel) is

electrodeposited onto the chromium glass followed by carbon nanotube growth, as shown

in steps 2 and 3. Plasma enhanced chemical vapor deposition (PECVD) is used to etch the

chromium layer, as shown in step 4. Typical PECVD lasts about an hour. A dielectric (or

semiconductor) material (for example SiOx, where 0 < x ≤ 2) is sputtered on the substrate,

as shown in step 5. Those skilled in the art will recognize that the sputtered material may

be made of any material having a specific function as required by an application of the

nano-optics apparatus and still be within the scope and spirit of the presently disclosed

embodiments. Typically, the dielectric material is coated to yield a thickness of about 100

nm. Aluminum is then sputtered followed by spin-coating of polymethylmethacrylate

(PMMA) and baking at about 1800C for about 40 minutes, as shown in steps 6 and 7.

Typically, about 400 nm of aluminum is sputtered. In step 8, electrochemical etching of

the aluminum layer on the tips of the nanorods 120 is accomplished at about 25 min in

about 20% H2SO4, 4.0V, with the sample as anode, and a platinum electrode as cathode.

In this example, only the bottom half of the sample was etched, resulting in just that

portion having transmitted light, as seen in the transmission electron microscopy image.

FIG. 3B shows an alternative method for synthesizing the nano-optics apparatus

100. In step 1, chromium is sputtered onto a glass substrate, typically at a thickness of

about 15 nm. A selected thickness of catalytic transition metal (for example nickel) is

electrodeposited onto the chromium glass followed by carbon nanotube growth, as shown

in steps 2 and 3. Plasma enhanced chemical vapor deposition (PECVD) is used to etch the

chromium layer, as shown in step 4. Typical PECVD lasts about an hour. A dielectric (or

semiconductor) material (for example SiOx, where 0 < x < 2) is sputtered on the substrate,

as shown in step 5. Those skilled in the art will recognize that the sputtered material may

be made of any material having a specific function as required by an application of the

nano-optics apparatus and still be within the scope and spirit of the presently disclosed

embodiments. Typically, the dielectric material is coated to yield a thickness of about 100

nm. Aluminum is then sputtered onto the coated substrate, as shown in step 6. Typically,



about 400 nm of aluminum is sputtered. In step 7, the tips of the nanotubes are removed

by polishing. In step 8, electrochemical etching of the aluminum layer on the tips of the

nanorods 120 is accomplished at about 25 min in about 20% H2SO4, 4.0V, with the sample

as anode and a platinum electrode as cathode.

FIG. 4 shows results demonstrating the nano-optical antenna action of an array of

carbon nanotubes 120 in the visible frequency range. Both, the polarization, as well as,

the nano-optical antenna length effects are shown in the radar cross section (RCS) type of

experiment, in which an external radiation is reflected/scattered by an aperiodic array of

carbon nanotubes 120, in excellent agreement with the antenna theory. The main section

shows the nano-optical antenna length versus radiation wavelength, at a maximum RCS

scattering amplitude. The upper right image in FIG. 4 shows an image of the sample with

interference colors (from left to right) due to gradually changing nano-optical antenna 110

length. The lower right image in FIG. 4 shows the scanning electron microscope image of

the carbon nanotubes.

FIG. 5A shows a visible image of a section of a nano-optics apparatus 100

synthesized in accordance with the presently disclosed embodiments. The carbon

nanotubes 120 have been illuminated from behind with green and red lasers. Both green

and red light is guided through the nano-CTLs 115. Each active nano-CTL 115 is

surrounded by a green halo. Smaller red light spots are also visible. FIG. 5B shows the

corresponding SEM close-up (top view) of the numbered carbon nanotubes 120. Carbon

nanotubes number 37 and number 47 are single core, while number 4 1 and number 48 are

double core. Carbon nanotubes number 37 consists of a nano-CTL core, coated with Si,

located coaxially inside a cylindrical canal penetrating an Al film. An air gap (the dark

ring) separates the Si coated CNT from the Al wall. As seen in FIG. 5B, the air gap is

much thinner (about 100 nm) than the wavelength of the radiation (about 550 nm for green

and about 650 nm for red). Thus, the subwavelength action of the nano-CTL has been

demonstrated.

Photolithography and photomasking to generate a device pattern on a substrate

base have been an essential part of fabrication of semiconductor devices. The ability to

project a clear image of a very small feature onto a photoresist substrate is limited by the

wavelength of the light that is used for the transfer of a photomask pattern onto the

photoresist substrate and the ability of a reduction lens system to capture enough



diffraction orders from the illuminated photomask. The formation of sub-100 nm patterns

has reached intrinsic limitations. The realization of a nanometer-sized, highly precise

pattern by conventional photolithography methods encounter many difficulties, because of

limitations in the wavelength of light capable of being used and the necessity for provision

of an apparatus and technology suitable for such light wavelength, as well as issues

relating to the resolution of the polymer itself.

The processing steps generally involved in the conventional technique based on the

use of photoresist masking includes: coating the surface of a substrate base with a

photoresist material; focusing light from a mercury arc lamp or excimer laser through a

complex system of lenses onto a "photomask" (also called a reticle), containing the desired

image; passing light through the photomask and then focusing the light to produce the

desired image on the photoresist substrate through a reduction lens system (the reduction

of the system may vary depending on design, but current systems are typically on the

order of 4X-5X in magnitude); removing the photoresist substrate exposed by the

photomask in a photographic development process to leave behind only the unexposed

regions of the photoresist on the base; unisotropical etching to remove the base material

from the fabrication surface using ions or radicals in a plasma etching process on the bare

regions of the base not protected by the photoresist material; and removing the photoresist

material. All steps are essential in the conventional technique to duplicate the pattern of

the photomask using photolithography to form ultra-fine ditches or recesses in the surface

of the base. In general, it is necessary to repeat the basic steps a number of times to form

ditches of different depths in the base before an operative semiconductor device may be

produced.

FIG. 6 shows a schematic image of a de-magnifying lens (reduction lens) 600

synthesized in accordance with the presently disclosed embodiments. The de-magnifying

lens 600, is a device that may be used in any standard photolithographic system to enhance

resolution of the photolithographic process. The de-magnifying lens 600 works via nano-

optics, where an array of carbon nanotubes 640 penetrate a film 670 and connect receiving

pixels (lenses) 630 on a top (illuminated) surface 610 with emitting pixels 680 on a bottom

(substrate) surface 620. The de-magnifying lens 600 allows light transport only through

nano-CTLs 650 and related pixels, thus the surrounding film 670 is non-transparent and

does not allow light propagation. The array of receiving pixels (lenses) 630 (with



diameter equal to about a wavelength of incoming radiation) fabricated from a

luminescent or other light scattering/diffusive material, exists on the top surface 610 of the

de-magnifying lens 600, and the corresponding array of small pixels 680 (subwavelength

size) on the bottom surface 620 of the de-magnifying lens 600. Each receiving pixel 630

on the top surface 610 is connected to the emitting pixel 680 on the bottom surface 620 via

the carbon nanotubes 640, which are built of an internal core of nano-CTLs 650 and

appropriate transparent dielectric coating 690. Examples of dielectric coatings 690

include, but are not limited to, any dielectric material of high optical transparency such as

ceramic materials: aluminum oxide (AI2O3) or silicon oxide (SiOx, where 0 < x < 2), and

polymers: polystyrene (PS) or polymethyl metacrylate (PMMA). The layout presented in

FIG. 6 is simplified and assumes the surrounding film 670 to be non-transparent and

metallic. The surrounding film 670 is also the outer electrode for the nano-CTLs 650, thus

metallic properties are necessary. If the nano-CTLs 650 are coated on the outside with a

metallic layer, the surrounding film 670 can be non-metallic.

The receiving pixels 630 collect light that is impinging on them and transfers the

light toward the entrance of the nano-CTLs 650 via nano-optical antennas 660. The

receiving pixels 630 collect light and should not be completely transparent, otherwise the

light would remain in the nano-optical antenna 660.

An image (of a "chip" circuit, for example) is projected onto the top surface 610,

for example using a conventional photolithography technique. The averaged electric field

in a receiving illuminated pixel 630 excites the nano-optical antenna 660 of the carbon

nanotubes 640, and light is transmitted down to the other surface through the nano-CTL

650, and subsequently is re-emitted into the emitting pixel 680 on the bottom surface via

the nano-optical antenna 660 on the other surface of the nano-CTL 650. The de-

magnifying lens 600 design assures a geometrical convergence of the nano-CTLs 650 on

the substrate surface 620, so that the inter-pixel separation /, on the substrate surface 620,

is smaller than that L on the illuminated surface 610. Geometrical convergence of the de-

magnifying lens 600 assures that all dimensions of the features on the illuminated surface

610, such as receiving pixel 630 diameter and inter-pixel spacing L, are represented by the

same kind of features on the substrate surface 620 but scaled down, with proportions

constrained, by a certain factor. An image projected by a standard photolithographic

system onto the illuminated surface 610 of the de-magnifying lens 600, is reduced in size



by a factor of L/l on the substrate surface 620. This factor may be made > 10, and thus a

subwavelength (nanoscale) resolution may be achieved. This reduction in size image on

the substrate surface 620 can, via near field coupling, expose a photoresist, with features in

the nanoscale size. Thus, the de-magnifying lens 600 may be used to turn a standard

photolithography system into a nanolithography system.

The surface area per pixel on the illuminated surface 610 is about L2, and only /2

on the substrate surface 620. Thus, for a flat film 670, the imaged area on the substrate

surface 620 is always much smaller than on the illuminated surface 610. The consequence

is that for a uniform, large pixel array on the illuminated surface 610, there will be well-

separated groups of pixel arrays on the substrate surface 620. For example, the feature

size of an image, or the feature rays may be a 10 x 10 micron array, which would produce

a scaled down image array of 100 x 100 nanometers. In an embodiment, a step and repeat

method may be used to obtain larger features. The receiving pixels 630 on the illuminated

surface are much bigger than the emitting pixels 680 on the substrate surface 620. With a

large area of exposure this may create discontinuities on the substrate surface 620 in the

produced image. One of the solutions to this scenario would be to use a step and repeat

exposure method in which the film 670 would be subsequently stepped to fill in the gaps

on the spaces of the substrate surface 620. Employing a semi-spherical or semi-cylindrical

geometry of the film improves the situation because there is a stream of coaxial cables

coming from the outer surface of a semi-cylindrical structure converging into the region

below. In either case, the full coverage on the substrate surface 620 can be achieved by

using the a step-and-repeat strategy known to those skilled in the art. This way the region

may be enhanced or made bigger.

If a square pixel array on the illuminated surface 610 of the film 670 is 100 x 100

pixels, there will be a square pixel array of 100 x 100 on the substrate surface 620 of the

film 670 as well, but the distances will be 10 times smaller. There is a 1:1 correspondence

assured by the nano-CTLs 650 connecting the receiving pixels 630 with the emitting

pixels 680.

As the carbon nanotubes 640 penetrate through the film 670 the carbon nanotubes

640 converge. In the embodiment shown in FIG. 6, the de-magnifying lens 600 is built of

an array of straight carbon nanotubes 640. FIG. 7 shows a variation where an array of

carbon nanotubes 640 are non-linear. The three-dimensional (3D) schematic image of the



embodiment shown in FIG. 7 is shown in FIG. 8. The array of carbon nanotubes 640 may

be built so that a S-shape, zigzag, or other converging pattern is formed.

The embodiments demonstrated in FIGS. 9 and 10 are modifications of the layout

shown in FIGS. 6 and 7. Pixels on the illuminated surface 610 may be directly mapped on

the substrate surface 620 by direct wiring through nano-CTLs 650, as shown in FIG. 9, or

indirectly mapped by scrambled wiring (FIG. 10).

In the embodiment shown in FIG. 9, pixels on both surfaces are directly wired

through appropriate nano-CTLs 650. The light-receiving pixels 630 on the illuminated

surface 610 will capture light and transfer it through the nano-CTLs 650 to the

corresponding emitting pixels 680 on the substrate surface 620. The substrate surface 620

is therefore a direct map of the illuminated surface 610 but in a different scale (i.e.

smaller). The direct wiring may be done using straight carbon nanotubes shown in FIG. 6

or non-straight carbon nanotubes shown in FIG. 7.

For manufacturing reasons, i.e. to simplify the production process, pixel

mapping/wiring may be scrambled, i.e. pixels on both surfaces may be connected

indirectly with each other. In the embodiment shown in FIG. 10, receiving pixels 630 on

the illuminated surface 610 are indirectly wired to the emitting pixels 680 on the substrate

surface 620 by non-straight carbon nanotubes. A de-magnifying lens 600 built on this

scrambled array of carbon nanotubes will produce a distorted image. These distortions

may be fixed later by computer mapping of pixels in order to receive a real (non-

scrambled) image. Therefore, all array imperfections caused by scrambled wiring during

manufacturing process may be easily fixed.

Scrambled wiring using carbon nanotubes may be also introduced intentionally to

build an encoding photolithographic device. Unique scrambled wiring will produce a

distorted image when used as a de-magnifying lens in the photolithographic setup, unless

an appropriate computer algorithm is used to decode the image and map all the pixels in

an array accordingly.

An image projected by conventional optics onto the illuminated surface 610 of the

de-magnifying lens 600, for example by a standard photolithographic system, is reduced in

size by a factor of L/l on the substrate surface 620. This factor may be made > 10, and

thus a subwavelength (nanoscale) resolution may be achieved. This reduction in size



image on the substrate surface 620 may, via near field coupling, expose a photoresist with

nanoscale feature sizes. Thus, the de-magnifying lens 600 may be used to turn a standard

photolithographic system into a nanolithography system. The apparatus of FIGS. 6-9

employs the light transmitting nanostructures (nano-CTLs) as optical processors, capable

of de-magnifying and delivery of an optical pattern of a nanostructure onto a photoresist

material. The resolution of conventional optical lithography schemes is mainly limited by

the wavelength of the light used for the transfer of a photomask pattern onto a photoresist

material. When the de-magnifying lens 600 of the presently disclosed embodiments is

placed between the conventional photolithography optical system and the photoresist

material, there will be an about 10-1 reduction in sizes to the sub-wavelength domain. The

carbon nanotubes act as a de-magnifying lens imaging a super-wavelength pattern into the

identical, but scaled-down sub-wavelength pattern.

FIG. 11 shows a schematic drawing of a de-magnifying lens 600 of the presently

disclosed embodiments in use with a representative photolithography system 710. Those

skilled in the art will recognize that the de-magnifying lens of the presently disclosed

embodiments can be used with any photolithography system 710 and be within the spirit

and scope of the presently disclosed embodiments. The de-magnifying lens 600 is placed

between a photomask 700 and a photoresist 715 covered substrate 720. In an embodiment,

the de-magnifying lens 600 is brought into physical contact (direct proximity) with the

photoresist 715 covered substrate 720. In direct proximity, a small gap, about 10 to about

25 nanometers, is maintained between the photoresist 715 covered substrate 720 and the

de-magnifying lens 600 during exposure. The distance between the photoresist 715

covered substrate 720 and the de-magnifying lens 600 should be smaller than the

wavelength of incoming light 730 from a light source 732. For example, for UV light with

a wavelength of 320 nm the gap size should not be larger than around 300 nm. The nano-

optical antennas are designed to be brought into conformal contact with the photoresist

715 covered substrate 720 to be exposed such that the light 730 guided through the nano-

CTLs 650 and then the nano-optical antennas, is coupled from there directly into the

photoresist 715 covered substrate 720.

The incoming light 730 enters through the photomask 700 and is collected by

receiving pixels 630 on the illuminated surface of the de-magnifying lens 600. The

incoming light 730 is then transported by nano-CTLs 650 to the substrate surface of the



de-magnifying lens 600 and re-emitted by emitting pixels 680. The receiving pixels 630

on the illuminated surface, are spaced within a distance that may be resolved by an

incoming light wavelength. The distance between the neighboring receiving pixels 630 is

not smaller than the wavelength of incoming light. The emitting pixels 680 on the

substrate surface are placed with significantly smaller spacing, i.e. the distance between

the neighboring emitting pixels 680 is much smaller than wavelength of incoming light.

The de-magnifying lens 600 will then direct light going through the photomask 700 and

project it onto a much smaller area than covered by the photomask 700. Thus, even when

longer wavelengths are used, features much smaller than the wavelength may still be

resolved and hence the resolution enhancement is possible. Those skilled in the art will

recognize that any of the de-magnifying lenses of the presently disclosed embodiments

may be used in conjunction with a standard photolithography setup. A receiving pixel 630

on the illuminated surface is able to transfer energy into the nano-CTL 650, which in turn

merges the light 730 into the emitting pixel 680 on the substrate surface of the de-

magnifying lens 600.

Various nano-optical antenna arrangements are within the spirit and scope of the

presently disclosed embodiments. The nano-optical antennas described herein possess the

directional characteristics of conventional antennas, proving that conventional, radio

technology applies to nano-optics systems in the visible frequency range.

In an embodiment, the carbon nanotubes have a graded structure at the nano-

optical antenna end. In a graded structure, the diameter of the carbon nanotubes increases

toward the nano-optical antenna end. In a graded structure, a diameter of the carbon

nanotubes becomes larger towards the nano-optical antenna end coupling to the optical

source. The graded carbon nanotubes provides greater photon collection. The graded

horn section may have shapes including but not limited to hyperbolic, parabolic,

spheroidal, linear, parabolically sloped walls, conical walls or other shapes known in the

microwave technology art.

In an embodiment, the carbon nanotubes have a rough-edge structure. In the

rough-edge structure, an edge of the nano-optical antenna end is jagged, or may be

periodically shaped (e.g., saw-tooth, a series of semicircular sections, etc.). The depth of

the cuts should be of the order of the radiation wavelength.



In an embodiment, the carbon nanotubes have a ring-cut structure. In the ring-cut

structure, an upper portion of the nano-optical antenna end is completely or partially

separated from the rest of the carbon nanotubes below.

In an embodiment, the carbon nanotubes have a double-cone structure. The

double-cone structure has two cones adjacent to an end of the carbon nanotubes.

In an embodiment, the carbon nanotubes have a loop termination inside a horn. In

the loop termination inside a horn, the nano-CTL forms a loop, which may, but does not

have to, attach to a side wall of the horn.

In an embodiment, the carbon nanotubes have a disc collector engaging the nano-

optical antenna. The disc collector is attached to the internal conductor of the nano-CTL.

In an embodiment, the carbon nanotubes have a bow-tie collector engaging the

nano-optical antenna. The bow-tie collector is attached to the internal conductor of the

nano-CTL. Other shapes such as planar spiral, vertical spiral, and other shapes may also

be attached to the internal conductor of a nano-CTL and used as collectors and/or

receivers.

In an embodiment, the carbon nanotubes have a Y-junction nano-CTL splitter.

The Y-junction nano-CTL splitter splits the signal from a single nano-CTL into two, or

compresses two signals into a single signal. The Y-junction nano-CTL splitter may split

the signal from a single nano-CTL into multiple signals, or compress multiple signals into

a single signal.

In an embodiment, the carbon nanotubes have a nano-CTL coupler. A plurality of

carbon nanotubes may be coupled together via a stripline. In this embodiment, each carbon

nanotube couples to the optical signal from both ends, either via receivers (dipole antenna

via inner conductor extension, or receivers), or coax couplers. Such a metal film is

transparent, as each carbon nanotube mediates partial spherical waves, one-by-one (thus

the term "discrete optics").

The nano-optics apparatus of the presently disclosed embodiments may be used

with lithography systems for manufacturing applications in: nano-devices,



microstructures, advanced packaging, bio devices, optical components and semiconductor

devices.

A method of fabricating a nano-optics apparatus comprises preparing a plurality of

nanorods on a substrate, coating the nanorods with a semiconducting material, and coating

the semiconductor with a conducting material. The method yields a metal-semiconductor-

metal coaxial structure.

In an embodiment, the plurality of nanorods on the substrate are oriented

perpendicular to the substrate. In an embodiment, the plurality of nanorods on the

substrate are oriented approximately orthogonal to the substrate. In an embodiment, the

plurality of nanorods are not perpendicular to the substrate.

In an embodiment, the nanorods are carbon nanotubes. This embodiment

comprises coating a substrate with a catalytic material; growing a plurality of carbon

nanotubes as internal cores of nanocoax units on the substrate; oxidizing the substrate;

coating the substrate with a semiconducting film; and filling with a metallic medium that

wets the semiconducting film of the nanocoax units.

A nano-optics apparatus may be fabricated using the method outlined below or

similar methods. A flexible or inflexible substrate such as an aluminum (Al) foil is coated

with catalytic material (e.g., Ni) by any suitable technique including but not limited to wet

chemical deposition, electro-chemical deposition, CVD, sputtering, evaporation and

similar techniques. The processed substrate is used for a catalytic growth of carbon

nanotubes. Alternatively, the substrate could be employed as an electrode for

electrodeposition of any suitable nanorods as internal conductors and cores of nanocoax

units, without the use of the catalytic material. The growth of the carbon nanotubes may

be performed by any appropriate technique including CVD or PECVD and similar

techniques. After depositing or growing of the nanorods, the remaining exposed surface

of the substrate, i.e. the area free of nanorods, may be oxidized to fabricate a dielectric

layer between the substrate and the outer conductor. Alternatively, the oxidation step may

be skipped. Then, the entire system may be coated with a semiconducting layer by any

suitable technique (e.g. CVD, electro-chemical deposition, and similar techniques), and

eventually filled or coated with a metallic medium (e.g. tin (Sn) powder). In one

embodiment, the metallic medium should be selected and processed to obtain a weak



wetting contact between the metallic medium and the outer conductor of the nanocoax,

yielding a graded diameter end. The metallic medium may be deposited by any

conventional technique, e.g. spraying, painting, spin-coating, CVD, evaporation,

sputtering, and similar techniques.

An apparatus and methods for manipulating light using nanocoax structures is

disclosed in U.S. Provisional Application Serial Number 60/799,293, filed May 9, 2006,

which is hereby incorporated herein by reference in its entirety for the teachings therein.

AU patents, patent applications, and published references cited herein are hereby

incorporated by reference in their entirety. It will be appreciated that various of the above-

disclosed and other features and functions, or alternatives thereof, may be desirably

combined into many other different systems or applications. Various presently unforeseen

or unanticipated alternatives, modifications, variations, or improvements therein may be

subsequently made by those skilled in the art which are also intended to be encompassed

by the following claims.



CLAIMS

What is claimed is:

1. A de-magnifying lens for use in a standard photolithography system comprising:

a film having a top surface, a bottom surface and a plurality of cylindrical channels

containing a dielectric material; and

an array of carbon nanotubes penetrating and converging through the film through

the plurality of cylindrical channels,

wherein an image on the top surface of the film is converted into a de-magnified

image on the bottom surface of the film by the carbon nanotubes.

2. The de-magnifying lens of claim 1wherein each carbon nanotube has a portion

that extends beyond the top surface of the film, a portion that is embedded within the film,

and a portion that extends beyond the bottom surface of the film.

3. The de-magnifying lens of claim 2 wherein the portion that extends beyond the top

surface of the film and the bottom surface of the film act as nano-optical antennas for

receiving, transmitting, and re-emitting an optical signal.

4. The de-magnifying lens of claim 3 wherein the nano-optical antenna on the top

surface of the film compresses the optical signal into nanoscopic dimensions.

5. The de-magnifying lens of claim 3 wherein the portion that is embedded within the

film acts as a nano-coaxial transmission line and converts energy trapped in currents along

the nano-optical antenna on the top surface of the film into a manageable signal and allows

for propagation of the optical signal with a wavelength exceeding a perpendicular

dimension of the carbon nanotube through the nano-coaxial transmission line.

6. The de-magnifying lens of claim 1 wherein each carbon nanotube connects a light-

receiving pixel on the top surface of the film with a light-emitting pixel on the bottom

surface of the film.

7. The de-magnifying lens of claim 6 wherein light from an optical signal is collected

by the receiving pixel on the top surface of the film which excites the nano-optical antenna



on the top surface of the film to transmit the light through the nano-coaxial transmission

line to the nano-optical antenna on the bottom surface of the film and re-emit the light into

the light-emitting pixel.

8. The de-magnifying lens of claim 6 wherein the light-receiving pixels on the top

surface of the film are directly mapped to the light-emitting pixels on the bottom surface

of the film by direct wiring through the nano-coaxial transmission lines.

9. The de-magnifying lens of claim 6 wherein the light-receiving pixels on the top

surface of the film are indirectly mapped to the light-emitting pixels on the bottom surface

of the film by scrambled wiring through the nano-coaxial transmission lines.

10. A nanolithography apparatus comprising:

a metallic film having a top surface, a bottom surface and a plurality of cylindrical

channels containing a dielectric material; and

an array of nanorods penetrating the metallic film through the plurality of

cylindrical channels, the array of nanorods having a protruding portion that extends

beyond a surface of the metallic film and an embedded portion that is within the metallic

film.

11. The nanolithography apparatus of claim 10 wherein the protruding portion acts as a

nano-optical antenna for receiving and transmitting an electromagnetic radiation at a

visible frequency.

12. The nanolithography apparatus of claim 11 wherein the nano-optical antenna

compresses light into nanoscopic dimensions.

13. The nanolithography apparatus of claim 10 wherein the embedded portion acts as a

nano-coaxial transmission line (CTL) for propagation of external radiation with a

wavelength exceeding the perpendicular dimension of the nanorod.

14. A method for obtaining a de-magnified image comprising:

coating the surface of a substrate base with a photoresist material;



focusing an optical signal through a system of lenses onto a photomask that

contains a projected image;

passing the optical signal through the photomask; and

focusing the optical signal through a de-magnifying lens, the de-magnifying lens

comprising a film having a top surface, a bottom surface and a plurality of cylindrical

channels containing a dielectric material and an array of carbon nanotubes penetrating and

converging through the film through the plurality of cylindrical channels,

wherein an image on the top surface of the film is converted into a de-magnified

image on the bottom surface of the film by the carbon nanotubes.

15. The method of claim 14 wherein each carbon nanotube has a portion that extends

beyond the top surface of the film, a portion that is embedded within the film, and a

portion that extends beyond the bottom surface of the film.

16. The method of claim 15 wherein the portion that extends beyond the top surface of

the film and the bottom surface of the film act as nano-optical antennas for receiving,

transmitting, and re-emitting an optical signal.

17. The method of claim 16 wherein the nano-optical antenna on the top surface of the

film compresses the optical signal into nanoscopic dimensions.

18. The method of claim 15 wherein the portion that is embedded within the film acts

as a nano-coaxial transmission line and converts energy trapped in currents along the

nano-optical antenna on the top surface of the film into a manageable signal and allows for

propagation of the optical signal with a wavelength exceeding a perpendicular dimension

of the carbon nanotube through the nano-coaxial transmission line.

19. The method of claim 14 wherein each carbon nanotube connects a light-receiving

pixel on the top surface of the film with a light-emitting pixel on the bottom surface of the

film.

20. The method of claim 19 wherein light from an optical signal is collected by the

receiving pixel on the top surface of the film which excites the nano-optical antenna on the

top surface of the film to transmit the light through the nano-coaxial transmission line to



the nano-optical antenna on the bottom surface of the film and re-emit the light into the

light-emitting pixel.

21. The method of claim 19 wherein the light-receiving pixels on the top surface of the

film are directly mapped to the light-emitting pixels on the bottom surface of the film by

direct wiring through the nano-coaxial transmission lines.

22. The method of claim 19 wherein the light-receiving pixels on the top surface of the

film are indirectly mapped to the light-emitting pixels on the bottom surface of the film by

scrambled wiring through the nano-coaxial transmission lines.

23. The method of claim 14 wherein the de-magnifying lens design assures a

geometrical convergence of the nano-coaxial transmission lines on the bottom surface of '

the film such that an inter-pixel separation /, on the bottom surface of the film is smaller

than the inter-pixel separation L on the top surface of the film.

24. The method of claim 14 wherein the de-magnified image created is a sub-micron

scale.
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