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(57) ABSTRACT

Disclosed are optical devices including one or more carbon
nanotubes that can function as plasmon waveguides. The
presently disclosed devices advantageously utilize the exist-
ence of surface plasmons on carbon nanotubes through the
generation and transport of surface plasmon polaritons across
the nanotubes. Also disclosed are methods for tuning the
devices through particular formation parameters for the nano-
tubes and/or selection of particular substrate materials. Sys-
tems of the present invention can provide optical data con-
cerning a sample, for instance via construction of an NSOM
image, as well as topological date concerning a sample via
construction of an AFM image. In one embodiment, the dis-
closed systems can provide simultaneous acquisition of opti-
cal images and topological images.

28 Claims, 3 Drawing Sheets
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SURFACE PLASMON INDUCTION IN
MULTIWALLED CARBON NANOTUBE
ARRAYS

CROSS REFERENCE TO RELATED
APPLICATION

This application claims benefit of U.S. Provisional Appli-
cation having Ser. No. 60/643,573 filed Jan. 13, 2005.

FEDERALLY SPONSORED RESEARCH AND
DEVELOPMENT

The United States Government may have rights in this
invention pursuant to National Science Foundation Grant No.
NIRT 0210559.

BACKGROUND OF THE INVENTION

Over the last century, mankind has developed a growing
understanding of the nature of light. This growing under-
standing has led to an increasing ability to harness and control
light, which has in turn led to improvements in a wide variety
of different technologies. For instance, the ability to control
photons has led to improvements in communications, such as
through the development of fiber optics; improvements in
opto-electronics, such as through the development of photo-
voltaic cells; as well as the development of near-field optics,
a field of study dedicated to the utilization of near-field light,
which is the light created around the periphery of an object
emitting or being illuminated by light. The study of near-field
light has brought about the development of and continuing
improvements to many optical devices including many dif-
ferent types of imaging devices as well as optical scanners,
filters, switches, modulators, and the like.

Surface plasmon polaritons (also referred to throughout
this disclosure as simply plasmons or SPP) exist when light
couples with surface plasmons, which are collective elec-
tronic excitations running as longitudinal density fluctuations
at the interface of a metal (or metallic material) with an
adjacent dielectric material. The SPPs thus created can propa-
gate across the metallic material and their energy can then be
utilized, for instance via reradiation of the impinged light.
Surface plasmons have been generated to advantage on
metallic thin films having thickness on the order of tens of
nanometers as well as on metallic nanoparticles and metallic
nanoshells.

Utilization of plasmons has been seen in many varied
applications including label-free monitoring of biomolecular
interactions, enhanced DNA hybridization, single-molecule
fluorescence imaging, two-photon excitation, molecular
sensing, photonic transportation, and high-density nano-
lithography. For example, SPPs have proven quite useful in
sensing technologies such as near-field scanning optical
microscopy (NSOM). Traditional NSOM methods couple
evanescent photons reflected, fluoresced, or otherwise con-
tacted with a sample with surface plasmons generated on the
tip of a near-field probe via location of the probe tip within the
penetration depth of the evanescent waves (e.g., about 100
nm). This coupling can enhance and convert the evanescent
photons to propagating photons that can then be collected and
imaged using far-field optics.

Problems exist with known devices and methods, however.
For example, the metallic thin films, nanoparticles,
nanoshells, etc. used to generate the plasmon propagation can
be difficult and expensive to prepare, but due to the internal
damping effect common to such materials and subsequent

10

15

20

25

30

35

40

45

50

55

60

2

energy attenuation with increased thickness, materials of
such dimensions have been considered to be required in order
to attain plasmon propagation. Other problems exist with
these materials as well. For instance, heat generated at the
metal can cause problems during use, including damage or
destruction of samples being examined. In addition, and in
particular during NSOM processes, the close proximity
between the probe tip and the sample that is necessary to
ensure photon-plasmon coupling can create shadow effects
that can then detrimentally effect the imaging of the sample.
What is needed in the art are additional materials that can
support surface plasmons to generate SPPs and methods for
developing such materials to form optical devices.

SUMMARY OF THE INVENTION

In one embodiment, the present invention is directed to
optical devices that include at least one carbon nanotube
located on a substrate such that photons can couple with
surface plasmons on the nanotube to give rise to surface
plasmon polaritons. Either a single carbon nanotube can be
used or a plurality of carbon nanotubes in an array can be
used. Moreover, the nanotubes can be single-walled or multi-
walled, as desired. The devices of the invention can also
include a detector for detecting photonic energy radiated
from the surface plasmon polaritons. Detectors encompassed
by the invention include position point detectors, light inten-
sity detectors, and the like.

The optical devices can also include a sample support. The
sample support can be, for instance, the upper surface of an
array of carbon nanotubes or can be a separate material, as
desired.

During use of the device, a light source can provide pho-
tons that can couple with the surface plasmons at a first end of
the carbon nanotube. The photonic energy can then be rera-
diated from a second end of the nanotube following plasmon
transport across the nanotube. Accordingly, the device can
function in one embodiment as a plasmon waveguide. The
photonic energy radiated from the surface plasmon polaritons
can contact a sample located on the sample support and the
sample can be examined and/or imaged via the detected eva-
nescent field following contact with the sample. Thus, the
device can additionally function as an imaging device.

Optionally, the substrate can include a nonlinear optical
material, for instance a nonlinear optical material that has a
selectively variable index of refraction, and the optical char-
acteristics of the device can be specifically tuned. The optical
characteristics of the device can also be tuned through inclu-
sion of a dopant in the carbon nanotube(s).

In one preferred embodiment, the devices of the present
invention can include both a light intensity detector and a
position sensing point detector. In this embodiment, both
optical information and topological information about a
sample can obtained, and, if desired, can be simultaneously
obtained. The data obtained by the detectors can then be
mapped to provide images of a sample. For instance both an
NSOM image and an AFM image can be obtained.

BRIEF DESCRIPTION OF THE FIGURES

A full and enabling disclosure of the present invention,
including the best mode thereof, to one of ordinary skill in the
art, is set forth more particularly in the remainder of the
specification, including reference to the accompanying fig-
ures, in which:

FIG. 1 is a schematic representation of one process for
forming a MWNT array as may be used in the systems of the
present invention;
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FIG. 2 is a schematic representation of one system of the
present invention;

FIG. 3 is a schematic representation of another system of
the present invention;

FIG. 4 is a scanning electron micrograph of a multi-walled
carbon nanotube (MWNT) array as may be utilized according
to one embodiment of the disclosed devices; and

FIG. 5A-5C display images of fluorescent beads immobi-
lized on a MWNT array and imaged via one embodiment of
the disclosed invention utilizing impingement of p-polarized
light (FIG. 5A), 5° off of p-polarized light (FIG. 5B), and
s-polarized light (FIG. 5C), respectively.

Repeat use of reference characters in the present specifi-
cation and drawings is intended to represent the same or
analogous features or elements of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Reference will now be made in detail to various embodi-
ments of the invention, one or more examples of which are
illustrated in the accompanying Figures. Each example is
provided by way of explanation of the invention, not limita-
tion of the invention. In fact, it will be apparent to those
skilled in the art that various modifications and variations can
be made in the present invention without departing from the
scope or spirit of the invention. For instance, features illus-
trated or described as part of one embodiment, can be used on
another embodiment to yield a still further embodiment.
Thus, it is intended that the present invention cover such
modifications and variations as come within the scope of the
appended claims and their equivalents.

In general, the present invention is directed to the recogni-
tion of the existence of surface plasmons on carbon-based
nanotubes, and, in one embodiment, on multi-walled carbon
nanotubes (MWNTs). More specifically, the invention is
directed to methods, devices, and systems that advanta-
geously utilize this previously unrecognized characteristic of
nanotubes through the generation and transport of SPP’s
across the nanotubes.

Theoretically, individual multi-walled nanotubes have
been suggested as a feasible source for generating plasmons.
In particular, the framework of intra-subband and inter-sub-
band plasmons has been developed in individual tubes as well
as in two-dimensional (2D) arrays. To date, however, the bulk
and surface plasmons in MWNTs have mainly been studied
using electron energy loss spectroscopy (EELS) and the
energy loss peaks have been attributed to  and nt+0 plasmon
excitations.

In accord with the present invention, disclosed are optical
devices including one or more nanotubes that can be utilized
as, for example, a tunable plasmon waveguide. The disclosed
devices can beneficially be utilized for imaging illumination
as well as biological and nano-optoelectronic sensing appli-
cations. For example, the disclosed devices can be utilized in
imaging and sensing applications including near-field optical
scanning microscopy (NSOM) as well as atomic force
microscopy (AFM). In one particular embodiment, the
devices and systems of the present invention can provide both
the optical sensing capabilities of NSOM and the topological
sensing capabilities of AFM to provide both optical and topo-
logical information about a sample of interest via a single
system.

In one embodiment, the disclosed devices and systems can
utilize carbon nanotubes according to methods similar to
those in which metallic thin films and nanoparticles have been
utilized in optical devices in the past. In contrast with such
previously known devices, however, the nanotubes and sys-
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tems of the present invention can be quickly, easily, and
economically prepared. Moreover, the nanotubes of the dis-
closed devices can beutilized to efficiently transport photonic
energy over much greater distances than the metallic films
and particles utilized in the past. For example, MWNT arrays
of the present invention can have a thickness on the order of
two orders of magnitude greater than the thickness of the
metallic thin films found in previously known optical devices.

While not wishing to be bound by any particular theory, the
ability of nanotubes to efficiently propagate plasmons is
understood to be attributed to the unique combination of the
physical and the electrical characteristics of the nanotubes.
For instance, every MWNT will have a high aspect ratio
tubular metallic nanostructure and the electrons can flow on
the outermost tube shells of the MWNT. Moreover, though
each nanotube may be considered to be a quasi-two dimen-
sional structure, it will have only a one dimensional electronic
structure, stemming from a combination of the nanoscale tube
diameter and the electronic structure of the graphite-derived
material. This 1D electronic structure can allow each indi-
vidual MWNT within the array to act as an electron carrier,
i.e., a plasmon waveguide. Moreover, since the length of the
individual MWNTs can be much less than the mean free path,
which can be greater than 30 pm for MWNTs, ballistic trans-
port may also contribute to SPP propagation across the array.
As a result, the thickness of a MWNT layer in the disclosed
devices can be much greater than that of the metallic thin film
layers of previously known devices and still exhibit excellent
photonic energy transportation characteristics.

Devices and systems of the present invention include one
or more carbon-based nanotubes. For example, in one
embodiment, a layer including a highly ordered array of
multi-walled nanotubes can be utilized in which the plurality
of individual MWNTs forming the array can be generally
parallel to one another and perpendicular to a substrate to
upon which the nanotubes are grown or otherwise applied. It
should be understood, however, that the invention is not lim-
ited to this particular embodiment, and in other embodiments
a single MWNT as well as less ordered arrays of MWNTs,
e.g., nanotube mats, can be utilized. Moreover, the present
invention is not limited to MWNTs, and in other embodi-
ments, an individual or a plurality of single-walled nanotubes
(SWNTs) in either an ordered array or a SWNT mat can be
utilized in the disclosed systems.

In general, the method utilized to form the nanotubes is not
critical to the invention. For example, in one embodiment, a
highly ordered array of MWNTSs can be formed on a substrate
according to a chemical vapor deposition method, such as that
illustrated in FIG. 1 at 10. System 10 can be used to grow
highly aligned and high purity nanotubes according to a CVD
process. For instance, system 10 can include a two-stage
furnace 12 that can be controlled such as by temperature
controller 18 to provide a preheater 14 and a reactor 16 within
the furnace 12. Other standard process control measures and
devices as are generally known in the art, such as mass flow
controller 17, for example, can be included with the system 10
to control the process either manually or automatically.

An inert gas flow can be supplied to the system 10, such as
via tank 20, to provide a carrier flow for materials into the
furnace 12. System 10 can also include a port 22 for inserting
reactants to system. For example, a carbon source such as
xylene can be fed into the furnace 12 via injection port 22. The
reactants can vaporize upon reaching the end of the pre-heater
14 (maintained ate.g., about 200° C.), and the vapors can then
be carried into the reactor 16. A catalyst, such as iron for
example, can be provided either on the surface of the substrate
or in combination with the reactant flow, as is generally
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known in the art. For instance, in those embodiments in which
a limited number of nanotubes is desired or a nanotube array
is desired at a particular location on a substrate, catalyst can
be deposited on the substrate in the desired amounts and/or
locations prior to the deposition process.

The reactor 16 can be maintained at a temperature (e.g.,
between about 650° C. and about 750° C.) that can enable the
reactants to decompose and form the MWNTs in a highly
ordered array on the substrate 23.

It should be understood that the specific method of forming
the nanotubes of the disclosed optical devices and/or locating
the nanotubes on a substrate is not critical to the invention,
and the described methods are merely exemplary, and not
meant to be limiting in any way to the invention. For example,
in one embodiment, a single nanotube can be located in a
desired location on a substrate. According to this particular
embodiment, a single nanotube can be formed in the desired
location on the substrate or optionally can be formed in a
separate process, as in a nanotube mat, and then isolated and
located at the desired location on the substrate.

Various processes for locating very few or even a single
nanotube are known to those of skill in the art. For example,
one exemplary process, described by Legagneux, et al. (U.S.
Patent Application Publication 2004/0240157) incorporated
herein by referenced and also described by Teo, et al. (App.
Phys. Lett. 79:10, 1534-1536) includes utilization of a cata-
lyst and diffusion barrier thin films that are deposited onto
substrates and lithographically patterned using a lift-off pro-
cess. Diffusion barrier materials can include, for instance,
S8i0, and TiN. Upon annealing to the growth temperature, the
thin film breaks up into nanoparticles which then seed the
growth of the nanotubes. After reaching a reaction tempera-
ture (e.g., about 700° C.), the nanotube growth can be initi-
ated by introducing NH; and C,H, into the chamber and
initiating a direct current (dc) glow dicharge. The nanotubes
grown according to this method can be grown in a vacuum
chamber, for instance at a base pressure of 107> Torr. Addi-
tional experimental details and growth characteristics are pre-
sented in the published U.S. Patent Application referenced
above.

In general, individual MWNTs utilized in the disclosed
optical devices can include at least two nested tubes and can
be up to about 100 nanometers in total outer diameter. For
example, in one embodiment, the individual MWNTs can be
between about 10 and about 50 nm in outer diameter, or about
25 nm in outer diameter, in one particular embodiment. In
addition, the individual MWNTs can be up to about 30 um in
length. For example, the individual nanotubes can be between
about 1 um and about 100 um in length.

According to one embodiment of the invention, individual
MWNTs can include a dopant. For example, MWNTs can be
formed according to a CVD method, such as those described
above, and a dopant can be included in the vapor fed to the
reactor furnace. According to this embodiment, and depend-
ing upon particular formation parameters, such as, reaction
conditions as well as dopant concentration, a percentage of
the MWNTs forming an array can form with the inclusion of
a dopant in the MWNT wall.

The addition of a dopant to individual MWNTs in an array
can vary the electron carrying capacity of the array and con-
sequently, the plasmon frequency of the device. In other
words, the coupling frequency of the device can be shifted
through the addition of one or more dopants to the array.
Thus, in this particular embodiment, the device can be tuned
0 as to excite resonant coupling between the surface plas-
mons and the incoming light at a particular frequency. Pos-
sible dopants can generally include any element that can

10

15

20

25

30

35

40

45

50

55

60

65

6

exchange charge with a carbon atom. For example, a non-
limiting list of exemplary materials can include, without limi-
tation, alkali metals, alkaline earth metals, halogens, boron,
and nitrogen.

The devices of the present invention can include a substrate
that can support the nanotubes. In general, any substrate that
can allow the coupling of a light wave with the surface plas-
mons on the nanotubes can be utilized in the presently dis-
closed optical devices. For example, in one embodiment, the
substrate can be merely a transparent dielectric material, such
as an optical grade polymer, glass, or quartz, for example. In
other embodiments, the substrate upon which the MWNTs
can be located can be varied to provide particular character-
istics to the optical devices of the present invention. For
example, in one embodiment, the substrate of the optical
device caninclude a nonlinear optical material having a selec-
tively variable index of refraction. According to this embodi-
ment, the characteristics of the substrate can be utilized to
provide ‘tunability” to the devices. For instance, the charac-
teristics of the substrate can be utilized to shift the nature of
the incoming light to the plasmon frequency of the nanotubes
and encourage resonant coupling of the light with the surface
plasmons.

In one embodiment, the substrate can include an electro-
optic material that can exhibit a variable index of refraction
that can be controlled through application of energy, such as
through application of an electric field across the device.
Exemplary electro-optic materials can include, without limi-
tation, a liquid crystal material, a ferro-electric liquid crystal,
a semiconductor layer or a polymer electro-optic film, such as
those disclosed by Kim. et al. in U.S. Pat. No. 6,040,936,
which is incorporated herein by reference as to all relevant
material.

In another embodiment, the substrate can be a non-linear
material that can exhibit a variable refractive index depending
upon a characteristic of the incident light, including materials
disclosed in co-owned U.S. patent application publication
2005/0275934 to Ballato, et al., which is incorporated herein
asto all relevant material. Suitable substrates in this particular
embodiment can include, but are not limited to, arsenic, sul-
fur, selenium, or germanium-containing chalcogenide
glasses; silicon, germanium, or lead-containing oxide
glasses; silicon, germanium, zinc, sulfur, selenium, cad-
mium, lead, or tellurium-containing semiconducting crystals;
or nonlinear chromophore-containing polymers.

Inyetanother embodiment, the MWNT layer of the present
invention can be utilized in conjunction with previously
known optical devices. For example, in one embodiment, the
substrate can be a metallic thin film, such as those utilized in
previously known plasmon waveguide applications. Accord-
ing to this embodiment, a MWNT array of the present inven-
tion can be utilized to extend the distance of photonic energy
transportation of these previously known devices to much
greater distances than thought possible in the past.

The devices of the disclosed invention can optionally
include additional layers and materials, as well. For example,
additional layers can be included on either side of the devices
that can, for instance, sandwich the substrate layer between
the MWNT array and an additional layer or optionally sand-
wich the MWNT array between the substrate layer and an
additional layer. In one embodiment, the device can be a
multi-layer device with additional layers on both sides of the
substrate/MWNT array composite. Additional layers can be
any suitable material. For example, in one embodiment, an
additional layer can include a material having a variable index
of refraction including, for instance, a variable index of
refraction depending upon a characteristic of the incident
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light, or an electro-optic material, in which the index of
refraction can vary with regard to an electric field established
across the material.

One embodiment of an optical system of the present inven-
tion is schematically illustrated in FIG. 2. This particular
system can be utilized in one particular embodiment in an
optical imaging process such as, for instance, an NSOM
process.

According to this embodiment, the system includes an
array of highly aligned nanotubes 2. The array 2 can be
located directly on a prism 11 or optionally on a substrate (not
shown) that can in turn be location on a prism 11. Any device
as is known in the art can optionally be used to control the
incident light to the substrate. For instance, the array 2 can be
grown on a substrate, as discussed above, and the substrate
including array 2 thereon can be mounted on prism 11 via
immersion in oil for index matching. According to this
embodiment, the 1/2 interface 5 at the surface of array 2 with
air (or any other medium) can be utilized as a stage for a
sample 8 that can be examined and optionally imaged by the
system. For example, an optical imaging system including a
long working distance lens 7 and a light intensity detector 26,
optionally with an emission filter 9, can be used. Any suitable
light intensity detector can be used with the disclosed systems
including, but not limited to, spectrometers, photo diodes
(e.g., avalanche photo diodes), photomultiplier tubes, charge-
coupled devices (CCD), and the like.

During use, light 4 can be incident at the prism/air interface
under the condition of total internal reflection such that eva-
nescent waves are generated at the 0/1 interface 3 between the
base of the nanotubes and the prism or substrate. Optionally,
the nature of the incident light can be controlled. For instance,
a half waveplate 6 can be utilized to control the polarization of
the incident light and ensure coupling of the incident photons
with the surface plasmons on the nanotubes. The plasmons
can then reradiate photons and generate an enhanced evanes-
cent field at the 1/2 interface 5. The enhanced field can be
utilized in examination of the sample. For example, in this
particular embodiment, including light intensity detector 26,
the enhanced evanescent field can be utilized to construct an
optical image of the sample, for instance through mapping the
data according to known NSOM imaging techniques.

Data obtained at the light intensity detector 26 can be
utilized to form an image according to any mechanism as is
known in the art including, without limitation, polarization,
topography, birefringence, index of refraction, fluorescence,
wavelength dependence, reflectivity, and the like.

Another embodiment of a system according to the present
invention is schematically illustrated in FIG. 3. According to
this embodiment, a system can provide both the optical sens-
ing capabilities of NSOM and the topological sensing capa-
bilities of AFM, and in one embodiment, can do so simulta-
neously.

As canbe seen with reference to the figure, in this particular
embodiment the sample 8 can be mounted on a sample holder
21 that is capable of motion in response to the atomic forces
existing between the sample 8 and the nanotube(s) 2. For
example, sample holder 21 can be a portion of or in mechani-
cal communication with a position sensing point detector 24
as shown. Any suitable position sensing point detector 24 can
be utilized including, for example, a tuning fork, a cantilever,
or any other position sensing point detector capable of detect-
ing deflection of the sample holder 21 upon the interaction of
the sample 8 with the evanescent field generated from the
plasmons on the nanotubes 2. Position sensing point detector
24 can utilize any suitable methodology to detect the deflec-
tion. For example, the deflection can be measured through
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utilization of piezoresistive probes with force feed back loop
for distance control as is generally known in the art. Any
alternative method can be utilized as well. For instance,
according to another embodiment, deflection can be mea-
sured using a laser spot reflected from a spot of the position
sensing point detector 24 and into an array of photodiodes.

If desired, the sample holder 21 can be moveable so as to
position the sample 8 in three dimensions with respect to the
nanotubes 2 for a more complete examination of the sample.
An AFM image of the sample can then be obtained according
to standard AFM imaging techniques based upon the detected
and mapped motion of the sample holder 21. The AFM sys-
tem 25 can optionally work in contact, non-contact, or tap-
ping mode, as desired. The disclosed system may provide
additional benefits over more traditional AFM systems when
operating in contact or tapping mode, as nanotubes are under-
stood to be less fragile and more elastic than traditional AFM
tips, such as those formed of silicon or silicon nitride. Accord-
ingly, the disclosed system can be utilized with less down
time due to probe damage and replacement as compared to
more traditional systems.

In addition to AFM imaging capabilities, the system can
also include NSOM imaging capabilities. For instance, as the
interaction between the sample 8 and the plasmons can still
induce a detectable change in the light intensity of the scat-
tered evanescent waves from the prism, lens 7 and light inten-
sity detector 26 can be utilized to construct an NSOM image
as described above.

If desired, and as the interaction between the sample 8 and
the nanotubes 2 can also induce a change in the light intensity
reflected back from the 0/1 interface at 4', a light intensity
detector 27 can be utilized to construct an NSOM image by
mapping the reflected light 4'. This NSOM image will be the
complement of an NSOM image constructed from the data at
the light intensity detector 26 and can be obtained in addition
to or as an alternative to such an image.

In this particular embodiment, rather than a single array of
nanotubes, as illustrated in the embodiment of FIG. 2, group-
ings of nanotubes 2a, 25, 2¢ can be mounted on the prism 11.
For example, groupings of nanotubes can include groups ofa
single nanotube, as at 2¢, as well as groups of multiple nano-
tubes, as at 25 and 2a. Location and density of the nanotubes
grown on a substrate can be readily controlled through con-
trolled deposition of catalyst on the substrate during a forma-
tion process, as discussed above. In addition, the prism 11 can
be mounted on a mechanical stage that can be precisely
located.

Such an embodiment can provide additional benefits to the
disclosed system. For example, should a nanotube grouping
become damaged, the prism can be simply translated to a
second grouping through movement of the mechanical stage,
and the system need not be shut down for probe replacement.
In addition, multiple groupings of different sizes can be uti-
lized to provide a wide range of information about the sample.
In particular, data obtained with fewer nanotubes can provide
increased image resolution, though the signal strength and/or
image contrast will be decreased. However, the converse is
also true, and data obtained with a large number of nanotubes
can provide increased signal strength but lower resolution.
For example, through utilization of a single nanotube, as at 2¢,
optical image resolution can be on the scale ofthe diameter of
the nanotube, e.g., about 10 nm in the case of a MWNT, but
the sample 8 would need to be relatively close to the end of the
nanotube, within about 50 um. Conversely, signal strength or
image contrast can be enhanced by using a nanotube array of
an increasing number of tubes, as at 2a and 25, which would
also allow greater distance between the nanotubes and the
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sample, for instance up to about 100 um, but this will result in
reduced image resolution. Accordingly, the disclosed system
can provide a strong signal-to-noise ratio with the additional
capability of obtaining information about a sample under a
wide variety of examination conditions, e.g., extremely
strong signal conditions as well as extremely high resolution
conditions and any desired combination thereof, so as to
provide a great deal of both topological and optical informa-
tion concerning a sample of interest.

The systems of the present invention also provide an
advantage over more traditional systems in that the nanotubes
canrelay an evanescent field over a large distance (e.g., on the
order of micrometers), and as such the interaction between
the sample and the evanescent field can be better isolated from
the rest of the system. Accordingly, the presently disclosed
systems need not suffer from shadowing effects common in
more traditional systems due to the protrusion of a bulky fiber
or a mechanical cantilever into the imaged region.

In addition, the disclosed system configuration avoids the
use of a fiber probe for NSOM imaging and the costs associ-
ated with the chemical etching and/or mechanical tapering
necessary for formation of such probes.

The present invention may be better understood with ref-
erence to the Example, below.

EXAMPLE

An experimental system as is illustrated in FIG. 2 was
utilized. The system included a BK7 dove prism 11,a MWNT
array 2 approximately 2 um in thickness grown on a quartz
slide (not shown) through the catalytic pyrolysis of a fer-
rocene-xylene mixture at 675° C. fed into a two-stage tubular
quartz reactor, such as that illustrated in FIG. 1. A scanning
electron microscopy (SEM) image, shown in FIG. 4, revealed
that the aligned MWNTs grew perpendicular to the surface of
the quartz substrate. The average number of layers of the
graphite sheets for a single MWNT was approximately 20.

Fluorescent beads 8 (sky blue, ¢=2 um, available from
Spherotech of Munich, Bavaria, Germany) were immobilized
on the MWNT array 2. The absorption spectrum of the fluo-
rescent beads 8 ranged from 500 nm up to approximately 800
nm. The beads were utilized to act as a probe for detecting
plasmons coupled from the evanescent photons. A half wave-
plate 6 was used to change the polarization direction of the
incident linearly-polarized laser beam 4 (incident angle of
81.1°, Nd:YAG 532 nm, 50 mW, Crystal.aser).

As shown in FIG. 2, light impinged the interface 3 between
the quartz slide and the MWNT array 2 (0/1 interface) under
the total-internal-reflection condition. An evanescent wave of
the correct polarization and wavelength generated at the 0/1
interface 3 excited the plasmons in the MWNT array 2 which
in turn produced plasmons on the upper surface of the MWNT
array 2 at the 1/2 interface 5. Above the array 2, the enhanced
evanescent field decayed exponentially away from the
MWNT array 2, and excited the fluorescence of the sky blue
beads 8 positioned within their proximity. The fluorescence
from the beads was monitored using a CCD camera 26 (Roper
Cascade 512B). An emitter 9 (Omega, 565ALP) inserted in
front of the camera lens 7 served to remove stray light from
the laser beam.

Images were taken of the fluorescent beads 8 immobilized
onthe MWNT array 2 upon application of p-polarized, 5° off
s-polarized, and s-polarized light respectively. Resulting
images are shown in FIGS. 5A-5C, respectively. The corre-
sponding intensity profiles along the dashed line are shown
below each of these images. Except for the polarization direc-
tion, all three images were recorded under the same condi-
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tion. In FIG. 5A, fluorescence from three beads was detected
and a prominent peak corresponding to the bead on the right
is displayed in the intensity profile. In contrast, the beads are
faintly visible in FIG. 5B and invisible in FIG. 5C. Accord-
ingly, no pronounced fluorescence peaks appeared in the
intensity profiles for either image. This dependence of the
fluorescence signal on the beam polarization confirmed that
the fluorescence from beads was indeed excited by the plas-
mons bound to the MWNT surface, since plasmons are
known to be generated only with p-polarized light. For s-po-
larized light, all the electric and magnetic components are
continuous across the interface between the bead and the
MWNT array according to Maxwell’s boundary conditions.
Therefore, no surface charge density will be induced for
s-polarized light to form collectively oscillating plasmons.

In this experiment, the 2 um thickness of the MWNT array
ensured that no direct excitation of fluorescence was possible,
since the penetration depth of the evanescent field is approxi-
mately 100 nm from the 0/1 interface 3. The observed experi-
mental result may be interpreted as plasmons excited at the
upper surface of the MWNT array being absorbed by the sky
blue beads, which in turn emit light.

It will be appreciated that the foregoing examples, given
for purposes of illustration, are not to be construed as limiting
the scope of this invention. Although only a few exemplary
embodiments of this invention have been described in detail
above, those skilled in the art will readily appreciate that
many modifications are possible in the exemplary embodi-
ments without materially departing from the novel teachings
and advantages of this invention. Accordingly, all such modi-
fications are intended to be included within the scope of this
invention which is defined in the following claims and all
equivalents thereto. Further, it is recognized that many
embodiments may be conceived that do not achieve all of the
advantages of some embodiments, yet the absence of a par-
ticular advantage shall not be construed to necessarily mean
that such an embodiment is outside the scope of the present
invention.

What is claimed is:

1. An optical device comprising:

a carbon nanotube, wherein surface plasmons exist on the

carbon nanotube;

a substrate, wherein the substrate allows the coupling of
photons with the surface plasmons to give rise to surface
plasmon polaritons;

a light source, wherein the light source provides photons to
a first end of the carbon nanotube to give rise to the
surface plasmon polaritons, and photonic energy is radi-
ated from the surface plasmon polaritons at a second end
of the carbon nanotube; and

a detector for detecting the photonic energy radiated from
the surface plasmon polaritons.

2. The optical device of claim 1, further comprising a
sample support, wherein photonic energy radiated from the
surface plasmon polaritons contacts a sample located on the
sample support.

3. The optical device of claim 1, wherein the carbon nano-
tube is a member of an array of carbon nanotubes.

4. The optical device of claim 3, wherein a surface of the
array of carbon nanotubes is a sample support.

5. The optical device of claim 3, wherein the array of
carbon nanotubes is a highly ordered array of carbon nano-
tubes.

6. The optical device of claim 1, wherein the detector is a
position sensing point detector.

7. The optical device of claim 1, wherein the detector is a
light intensity detector.



US 7,456,972 B2

11

8. The optical device of claim 1, wherein the carbon nano-
tube is a multiwalled carbon nanotube.

9. The optical device of claim 1, wherein the substrate
comprises a nonlinear optical material.

10. The optical device of claim 9, wherein the nonlinear
optical material has a selectively variable index of refraction.

11. The optical device of claim 1, wherein the carbon
nanotube is a doped carbon nanotube.

12. The optical device of claim 1, wherein the carbon
nanotube is between about 1 micrometer and about 30
micrometers in length.

13. The optical device of claim 1, wherein the optical
device is a plasmon waveguide.

14. The optical device of claim 1, wherein the optical
device is an imaging device.

15. An optical device comprising:

a carbon nanotube, wherein surface plasmons exist on the

carbon nanotube;

a substrate, wherein the substrate allows the coupling of
photons with the surface plasmons to give rise to surface
plasmon polaritons;

alight source, wherein the light source provides photons to
a first end of the carbon nanotube to give rise to the
surface plasmon polaritons, and photonic energy is radi-
ated from the surface plasmon polaritons at a second end
of the carbon nanotube;

a sample support, wherein photonic energy radiated from
the surface plasmon polaritons contacts a sample located
on the sample support;

a light intensity detector for detecting photonic energy
radiated from the surface plasmon polaritons; and

a position sensing point detector for detecting photonic
energy radiated from the surface plasmon polaritons.

16. The optical device of claim 15, wherein the carbon
nanotube is one of a plurality of carbon nanotubes.

17. The optical device of claim 16, wherein the plurality of
carbon nanotubes comprises a highly ordered array of carbon
nanotubes.
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18. The optical device of claim 15, wherein photonic
energy detected by the light intensity detector is mapped to
construct an optical image of the sample.

19. The optical device of claim 15, wherein photonic
energy detected by the position sensing point detector is
mapped to form a topological image of the sample.

20. A method for utilizing photonic energy comprising:

providing a carbon nanotube, wherein surface plasmons

exist on the carbon nanotube;

at a first end of the carbon nanotube, coupling the surface

plasmons with photons to generate surface plasmon
polaritons;

at second end of the carbon nanotube, emitting photonic

energy from the surface plasmon polaritons; and
detecting the photonic energy radiated from the surface
plasmon polaritons.

21. The method according to claim 20, further comprising
contacting a sample with the photonic energy radiated from
the surface plasmon polaritons, wherein the step of detecting
the photonic energy is carried out subsequent to contacting
the sample with the photonic energy.

22. The method according to claim 21, further comprising
forming an image of the sample.

23. The method according to claim 22, wherein the image
is a near-field scanning optical microscopy image.

24. The method according to claim 22, wherein the image
is an atomic force microscopy image.

25. The method according to claim 20, wherein the surface
plasmon polaritons are transported from the first end of the
carbon nanotube to the second end of the carbon nanotube
over a distance greater than about 1 micrometer.

26. The method according to claim 20, wherein the photo-
nic energy is detected with a light intensity detector.

27. The method according to claim 20, wherein the photo-
nic energy is detected with a position sensing point detector.

28. The method according to claim 20, wherein the photo-
nic energy is simultaneously detected with a light intensity
detector and with a position sensing point detector.
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