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ABSTRACT 

This invention relates to the ?eld of nanotechnology. Spe 
ci?cally the invention describes a method for cutting a 
multiplicity of nano-structures to uniform dimensions of 
length, length and Width, or area, or to a speci?c distribution 
of lengths or area using various cutting techniques. 
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METHOD FOR PROVIDING NANO-STRUCTURES 
OF UNIFORM LENGTH 

FIELD OF INVENTION 

[0001] This invention relates to the ?eld of nanotechnol 
ogy. Speci?cally the invention describes a method for cut 
ting a multiplicity of nano-structures, and particularly nano 
tubes to uniform dimensions of length, Width, diameter or 
area, 

BACKGROUND OF THE INVENTION 

[0002] The increasing complexity of electronic devices, 
and integrated circuits, coupled With the decreasing siZe of 
individual circuit elements, place ever more stringent 
demands on fabrication processes, particularly With respect 
to resolution and accuracy of the fabrication patterns. The 
ability to fabricate on a nanometer scale guarantees a con 
tinuation in miniaturiZation of functional devices, in for 
eXample, in microelectronic circuitry as Well as other appli 
cations. 

[0003] One class of nano-structures are carbon nanotubes 
(CNT’ s) Which have attracted much attention because of 
their dimensions and predicted structure-sensitive proper 
ties. Carbon nanotubes have a diameter on the order of a feW 
nanometers and lengths of up to several micrometers. These 
elongated nanotubes consist of carbon heXagons arranged in 
a concentric manner With both ends of the tube capped by 
pentagon-containing, buckminsterfullerene-like structures. 
Nanotubes can behave as semiconductors or metals depend 
ing on diameter and chirality of the arrangement of graphitic 
rings in the Walls. Additionally, dissimilar carbon nanotubes 
may be joined together alloWing the formation of molecular 
Wires With interesting electrical, magnetic, nonlinear optical, 
thermal and mechanical properties. 

[0004] The unusual properties of nanotubes suggest a 
diverse number of applications in material science and 
nanotechnology, including neW materials for electron ?eld 
emitters in panel displays, single-molecular transistors, 
scanning probe microscope tips, gas and electrochemical 
energy storage, catalysts, protein/DNA supports, molecular 
?ltration membranes, and energy-absorbing materials (see, 
for example: M. Dresselhaus, et al., Phys. World, Jan. 33, 
1988; P. M. Ajayan, and T. W. Ebessen,Rep. Prog. Phys., 60, 
1027, 1997; R. Dagani, C&E News, Jan. 11, 31, 1999). 

[0005] It is knoWn that the atomic arrangement in a carbon 
nanotube, and hence its electrical properties, may vary 
drastically along the length of the nanotube (Collins et al., 
Science, 278, 100 (Oct. 3, 1997)). Such a variation in 
electrical properties may adversely affect the ef?ciency of 
electron transport betWeen nano-devices interconnected by 
the carbon nanotube. Hence, for most of the above applica 
tions, it is highly desirable to produce a Well-de?ned speci?c 
range or ranges of nanotube lengths such that the properties 
of individual nanotubes can be assessed and be incorporated 
effectively into devices. HoWever, eXisting technology does 
not provide a means for producing nanotubes of either 
uniform length, or a Well-de?ned range of length distribu 
tions, nor does it provide a means for the rapid and con 
trolled cutting of nanotubes to speci?c dimensions. 

[0006] JP 07172807 describes an attempt at controlling the 
length of generated CNT’s. CNT’s are irradiated With ions 
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of an appropriate mass and energy suf?cient to sever C 
atomic bonds, producing dangling bonds around the entire 
circumference of the nanotubes. NeW CNT’s are then groWn 
from these dangling bonds. The method is effective for the 
cutting of a single CNT hoWever suffers from some signi? 
cant de?ciencies such as an empirical ion selection process 
and an inability to control the siZe and length of the neWly 
generated CNT’s. 

[0007] Yudasaka et al., (Appl. Phys., 71 (4): 449-451 
(2000) attempts to solve this problem through the use of 
ultrasonic-homogeniZation With only moderate success. The 
method is labor intensive requiring intensive ultrasonic 
homogeniZation in the presence of a polymer solution, 
?ltration, and puri?cation steps and is limited to only 
single-Wall carbon nanotubes. 

[0008] Lithographic processes have been used for the 
physical modi?cation of materials on the nano scale. Many 
of these processes are Well developed and include photoli 
thography, interference lithography (sometimes called holo 
graphic lithography, see E. Anderson, C. HoroWitZ, H. 
Smith, Applied Physics Letters, 43, 9, 874, 1983), immer 
sion lithography (see for eXample M. SWitkes, M. Roths 
child, J. Vac. Sci. Technol. B 19, 6, p 2353-6, 2001), X-ray 
lithography, electron-beam lithography and ion-beam 
lithography, micro-contact printing (PCP), mechanical scap 
ing, micromolding, (see for eXample, Dai L., J. Macromol. 
Sci., Rev. Macromol. Chem. Phys. (1999) 39, 273), soft 
lithography (see for eXample Y. Xia, G. M. Whitesides, 
Annu. Rev. Mater Sci., 28, p. 153-84, 1998), nanoimprint 
lithography of the thermal type (see for eXample S. Y. Chou, 
P. R. Krauss, P. J. Renstrom, Science, 272, p. 85-87 1996), 
and the photosensitive type such as step and ?ash imprint 
lithography (see for example, M. Colburn, A. Grot, M. 
Amistoso, B. J. Choi, T. Bailey, J. Ekerdt, S. V. Sreenivasan, 
J. Hollenhorst, C. Grant Willson, Proc. SPIE Vol. 3676 p. 
379-389 1999). HoWever, in spite of the highly developed 
state of lithographic technology, only a feW of these tech 
niques have been applied to solving the problem of gener 
ating CNT’s having uniform physical parameters (Fan et al., 
Science, 283, 512, (1999), Huang et al., Yoneya et al.,Appl. 
Phys. Lett. 79, 1465-1467, (2001), Dai L., Radiation Phys. 
and Chem. 62, 55-68, (2001)). 

[0009] The methods described above may be applied to 
cut CNT’s and other nanostructures on a small scale hoW 
ever are not easily adapted for industrial scale CNT modi 
?cation. Additionally these methods suffer from the limita 
tion of being unable to reproducible generate populations of 
nanostructures having uniform physical parameters of 
length, Width, diameter and area. Applicants have solved this 
problem by providing a method for generating populations 
of nano-structures and particularly nanotubes having uni 
form physical properties by cutting large numbers of aligned 
nanotubes using lithographic technology. 

SUMMARY OF THE INVENTION 

[0010] The invention relates to fabrication of nano-struc 
tures of uniform dimension in terms of either length or area. 
This invention also relates to fabrication of nano-structures 
With speci?c distribution of dimensions in terms of either 
length or area. This invention further relates to construction 
of devices from such materials for practical applications in 
many areas of nano-technology. 
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[0011] Accordingly the invention provides a method for 
cutting a population of nano-structures to a uniform length 
or distribution of lengths comprising: 

[0012] a) coating a population of nano-structures on a 
solid substrate Wherein the nano-structures are spatially 
?xed on the surface of the substrate; 

[0013] b) identifying discrete portions of the coated 
nano-structures of step (a) according to a patterning 
system; and 

[0014] c) applying a cutting means to the identi?ed 
discrete portions of the nano-structures of step (b) 
Whereby the nano-structures are cut to a uniform length 
or distribution of lengths. 

[0015] Preferred nano-structures of the invention are car 
bon nanotubes Which may be optionally suspended in a 
dispersant solution prior to coating on the solid substrate. 
The nano-structures of the invention may be aligned prior to 
coating the substrate or may be ?rst dispersed in solutions of 
surfactants for more precise cutting. 

[0016] Optionally the nano-structures may be recovered 
from the solid substrate. 

[0017] Additionally the invention provides a method for 
cutting a population of nano-rods of uniform length or 
distribution of lengths comprising: 

[0018] a) providing a nano-rod cutting device compris 
ing: 

[0019] a solid substrate; 

[0020] (ii) a ?rst dispersant layer formed on the 
substrate, said ?rst dispersant layer comprising a 
population of nano-rods of varying lengths; 

[0021] (iii) a second positive resist layer formed on 
the ?rst dispersant layer; and 

[0022] (iv) a photomask having a pattern of light 
transmitting and non-transmitting regions proXimate 
to said second positive resist layer; 

[0023] b) eXposing the nano-rod cutting device to a light 
source Whereby light is transmitted through the light 
transmitting regions of the photomask and degrades the 
second positive resist layer to the level of the ?rst 
dispersant layer; 

[0024] c) removing the degraded positive resist from the 
device of (b) Whereby the ?rst dispersant layer is 
eXposed; 

[0025] d) irradiating the device of (c) Whereby the 
eXposed dispersant layer is degraded and the nano-rods 
are cut, producing a population of nano-rods of uniform 
length or distribution of lengths corresponding to the 
pattern of light transmitting regions of the photomask. 

[0026] In another embodiment the invention provides a 
method for cutting a population of nano-rods of uniform 
length or distribution of lengths comprising: 

Jan. 19, 2006 

[0027] a) providing a nano-rod cutting device compris 
ing: 
[0028] a solid substrate; 
[0029] (ii) a ?rst dispersant layer formed on the 

substrate, said ?rst layer comprising a population of 
nano-rods of varying lengths in a dispersant solution; 

[0030] (iii) a second negative resist layer formed on 
the ?rst dispersant layer; and 

[0031] (iv) a photo-mask having a pattern of light 
transmitting and non-transmitting regions proXimate 
to said second negative resist layer; 

[0032] b) eXposing the nano-rod cutting device to a light 
source Whereby light is transmitted through the light 
transmitting regions of the photomask and crosslinks 
the second negative resist layer to the level of the ?rst 
dispersant layer; 

[0033] c) removing the unstabiliZed negative resist from 
the device of (b) With a negative resist developer 
Whereby the ?rst dispersant layer is eXposed; and 

[0034] d) irradiating the device of (c) Whereby the 
eXposed dispersant layer is degraded and the nano-rods 
are cut, producing a population of nano-rods of uniform 
length or distribution of lengths corresponding to the 
pattern of light transmitting regions of the photomask. 

[0035] Additionally the invention provides a method for 
cutting a population of nano-rods of uniform length or 
distribution of lengths comprising: 

[0036] a) providing a nano-rod cutting device compris 
ing: 
[0037] a solid substrate; 
[0038] (ii) a ?rst dispersant layer formed on the 

substrate, said ?rst layer comprising a population of 
nano-rods of varying lengths in a dispersant solution; 
and 

[0039] (iii) a second imprintable resist layer formed 
on the ?rst dispersant layer; and 

[0040] b) contacting the device of (a) With an imprinting 
substrate such that regions of degradation are created in 
a pattern on the imprintable resist eXposing the dis 
persant layer; 

[0041] c) irradiating the device of (b) Whereby the 
eXposed dispersant layer is degraded and the nano-rods 
are cut, producing a population of nano-rods of uniform 
length or distribution of lengths corresponding to the 
pattern applied by the imprinting substrate. 

[0042] In an alternate embodiment the invention provides 
a method for cutting a population of nano-rods of uniform 
length or distribution of lengths comprising: 

[0043] a) providing a nano-rod cutting device compris 
ing: 
[0044] a solid substrate; 
[0045] (ii) a ?rst dispersant layer formed on the 

substrate, said ?rst layer comprising a population of 
nano-rods of varying lengths in a dispersant solution; 
and 

[0046] (iii) a second premolded resist layer formed 
on the ?rst dispersant layer having regions of pat 
terned degradation in the premolded resist eXposing 
the dispersant layer; and 
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[0047] b) irradiating the device of (a) whereby the 
exposed dispersant layer is degraded and the nano-rods 
are cut, producing a population of nano-rods of uniform 
length or distribution of lengths corresponding to the 
pattern applied of the premolded resist. 

[0048] In another embodiment the invention provides a 
method for cutting a population of nano-rods of uniform 
length or distribution of lengths comprising: 

[0049] (a) providing a nano-rod cutting device compris 
ing: 

[0050] solid substrate af?Xed to an endless con 

veyor means; 

[0051] (ii) a ?rst bath of nano-rods in dispersant 
solution 

[0052] (iii) a second resist bath 

[0053] (iv) a baking means 

[0054] (v) a patterning means 

[0055] (vi) a third developing bath 

[0056] (vii) an irradiating source 

[0057] (viii) a fourth nanostripper bath 

[0058] b) moving the solid substrate by Way of the 
conveyor means sequentially into the ?rst bath nano 
rods in dispersant solution Whereby the solid substrate 
is immersed in the dispersant solution; 

[0059] c) moving the immersed solid substrate of (b) 
out of the ?rst bath Whereby the dispersing is dried and 
the nano-rods are af?Xed to the solid substrate; 

[0060] d) moving the substrate of (c) into a second resist 
bath Wherein the affixed nano-rods are coated With a 

resist; 

[0061] e) moving the substrate of (d) through a baking 
means Whereby the resist is baked on the substrate; 

[0062] f) exposing the substrate of (e) to light through 
the patterning means Whereby the resist is degraded 
according to the pattern of the patterning means; 

[0063] g) moving the eXposed substrate of into a 
third developing bath Whereby the resist is developed 
and removed; 

[0064] h) irradiating the resist-free substrate of (g) such 
that the nano-rods on the substrate are cut in the pattern 
produced by the patterning means; and 

[0065] i) moving the substrate of (h) containing the cut 
nano-rods into the fourth nano-stripper bath Whereby 
the cut nano-rods are removed from the substrate and 
recovered. 

[0066] In another embodiment the invention provides a 
method for cutting a population of nano-rods of uniform 
length or distribution of lengths comprising: 
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[0067] a) providing a nano-rod cutting device compris 
ing: 
[0068] a solid substrate; and 

[0069] (ii) a dispersant layer formed on the substrate, 
said dispersant layer comprising a population of 
nano-rods of varying lengths in a dispersant solution; 

[0070] b) bombarding the dispersant layer With an elec 
tron beam Whereby the dispersant layer is degraded and 
the nano-rods are cut, producing a population of nano 
rods of uniform length or distribution of lengths. 

[0071] Additionally the invention provides a nano-struc 
ture cutting device comprising: 

[0072] a solid substrate; 

[0073] (ii) a ?rst dispersant layer formed on the sub 
strate, said ?rst layer comprising a population of 
aligned nano-rods of varying lengths in a dispersant 
solution; 

[0074] (iii) a second resist layer formed on the ?rst 
dispersant layer; and 

[0075] (iv) a photo-mask having a pattern of light 
transmitting and non-transmitting regions proximate to 
said second resist layer 

[0076] Alternatively the invention provides a method of 
fabricating a nano-structure cutting device comprising: 

[0077] (a) providing a solid substrate; 
[0078] (b) forming a ?rst dispersant layer on said sub 

strate said ?rst layer comprising a population of nano 
structures of varying lengths in a dispersant solution; 

[0079] (c) baking the dispersant layer on said substrate 
to remove eXcess dispersant and to af?X said nano 

structures to said substrate; 

[0080] (d) forming a second resist layer formed on the 
?rst dispersant layer; and 

[0081] (e) af?Xing a photo-mask having a pattern of 
light transmitting and non-transmitting regions proxi 
mate to said second resist layer 

[0082] Additionally the invention provides a population of 
nano-structures having a distribution of lengths and a device 
comprising the nano-rods produced by the method the 
invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0083] FIG. 1 Illustrates the basic method Where the 
method involves a negative photoresist. 

[0084] FIG. 2 Illustrates the basic method Where the 
method involves a positive photoresist. 

[0085] FIG. 3 Illustrates the basic method Where the 
method involves cutting With an electron beam. 

[0086] FIG. 4 illustrates the production of a composition 
comprising nano-structures having a speci?c distribution of 
lengths Where a rectangular patterning system is used. 

[0087] FIG. 5 is a graph shoWing the probability distri 
bution for c=0.0001 and d=0.01 for the production of a 
composition comprising nano-structures having a speci?c 
distribution of lengths Where a rectangular patterning system 
is used. 
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[0088] FIG. 6 Illustrates the production of a composition 
comprising nano-structures having a speci?c distribution of 
lengths Where a circular patterning system is used. 

[0089] FIG. 7 is a graph shoWing the probability distri 
bution for circular cutting pattern Where the resist coating 
circle has a diameter of 0.1 and tube of initial length much 
greater than 1. 

[0090] FIG. 8 illustrates the production of a composition 
comprising nano-structures having a speci?c distribution of 
lengths Where both circular and rectangular patterning sys 
tems are used. 

[0091] FIG. 9 is a graph of the probability distribution for 
the combination of circular and rectangular cutting patterns, 
Where the main resist coating length is 0.01 and the circle 
diameter is 0.015. 

[0092] FIG. 10 Illustrates the production of a composition 
comprising nano-structures having a speci?c distribution of 
lengths Where an annular patterning system is used. 

[0093] FIG. 11 shoWs cutting of the dispersed carbon 
nanotubes from Example 2 using scanning electron micros 
copy. 

[0094] FIG. 12 shoWs removal of the resist from the 
dispersed carbon nanotubes of Example 6 using scanning 
electron microscopy. 

[0095] FIG. 13 shoWs removal of the resist from the 
dispersed carbon nanotubes of Example 7 using scanning 
electron microscopy. 

[0096] FIG. 14 is an SEM shoWing the removal of cut 
nanotubes from the solid substrate Wafer as described in 
Example 8. 

[0097] FIG. 15 is an SEM shoWing the recovered nano 
tubes of Example 10. 

[0098] FIG. 16 shoWs an atomic force microscopic image 
shoWing uncut carbon nanotubes next to a 320 nm Wide 
resist line from the e-beam process. 

[0099] FIG. 17 shoWs an atomic force microscopic image 
after carbon nanotube etching shoWing the remaining resist 
line, but no carbon nanotubes in the uncovered area. 

[0100] FIGS. 18A-18C shoWs cutting of the dispersed 
carbon nanotubes from Example 19 using scanning electron 
microscopy. 

[0101] FIG. 19 illustrates the measured distribution of cut 
nanotubes from FIGS. 18A-18C. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0102] The present invention provides a method for cut 
ting a multiplicity of nano-structures to uniform dimensions 
of length, length and Width, or area, or to a speci?c distri 
bution of lengths or area using various cutting techniques. 
The invention applies to cutting of small objects such as 
tubes, rods, cylinders, bundles, Wafers, disks, sheets, plates, 
planes, cones, slivers, granules, ellipsoids, Wedges, poly 
meric ?bers, natural ?bers, and other such objects Which 
have at least one characteristic dimension less than about 
100 microns. Such objects are ?xed spatially on a solid 
surface and a cutting pattern is applied to the surface. After 
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cutting, the obj ects may optionally be subject to post-cutting 
treatment such as chemical functionaliZation, modi?cation 
or termination at the cut ends if the cutting pattern protects 
the object regions distal to the cut surface. Furthermore after 
cutting the objects may optionally be removed from the 
surface. This cutting method is industrially attractive as it 
can be employed to generate a single desirable length 
distribution. 

[0103] Nano-structures having metallic or semiconductor 
properties Which are cut to speci?c dimensions have utility 
in the construction of nano-scale electrical machines and 
circuits, useful in the electronics, communications computer 
and other industries. For example large scale production of 
nanotubes With attributes of uniform length or speci?c 
siZe-distribution can be used in electronic applications such 
as ?eld-emission transistors, arti?cial actuators, molecular 
?ltration membranes, energy-absorbing materials, molecular 
transistors, and other optoelectronic devices as Well as in gas 
storage, single-electron devices, and chemical and biologi 
cal sensors. 

[0104] In this disclosure, a number of terms and abbre 
viations are used for the interpretation of the claims and the 
speci?cation. The folloWing de?nitions are provided: 

[0105] Scanning Electron Micrograph” Will be abbre 
viated “SEM” 

[0106] Atomic Force Microscopic” Will be abbreviated 

[0107] n-methylpyrolidonone Will be abbreviated 
‘(NMPJ’~ 

[0108] Anti-Re?ective Coating Will be abbreviated 
“ARC”. 

[0109] Tetrahydrofuran Will be abbreviated “THE”. 

[0110] The term “nano-structure” means tubes, rods, cyl 
inders, bundles, Wafers, disks, sheets, plates, planes, cones, 
slivers, granules, ellipsoids, Wedges, polymeric ?bers, natu 
ral ?bers, and other such objects Which have at least one 
characteristic dimension less than about 100 microns. 

[0111] The terms “nano-rod” means a variety of nano 
structures Which may be either holloW or solid and may or 
may not have a circular cross-sectional shape. Nano-rods of 
the invention may include nanotubes, nano?bers, polymeric 
nano?bers, bundles and multiWalled structures. 

[0112] The term “nanotube” refers to a holloW article 
having a narroW dimension (diameter) of about 1-200 nm 
and a long dimension (length), Where the ratio of the long 
dimension to the narroW dimension, i.e., the aspect ratio, is 
at least 5. In general, the aspect ratio is betWeen 10 and 2000. 

[0113] By “carbon-based nanotubes” or “carbon nano 
tube” or “CNT” herein is meant holloW structures composed 
primarily of carbon atoms. The carbon nanotube can be 
doped With other elements, e.g., metals. 

[0114] “Lithography” describes a general method used 
herein to produce the nano-structures of speci?ed dimen 
sions via a system of patterning a material and degrading the 
material in accordance With the pattern. “Photolithography” 
is a speci?c form of lithography Where light is used as the 
degrading force. In a photolithographic method, a photore 
sist is exposed to electromagnetic radiation, for e.g., ultra 
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violet light (UV), deep ultraviolet light (DUV), extreme 
ultraviolet light (EUV) or X-ray. This exposure introduces a 
latent image on the photoresist, for example, a pattern With 
difference in solubility. This results from chemical changes 
in the molecular structure of the resist. The latent image is 
subsequently developed into relief structures through etch 
ing. Electron beam irradiation, or ion-beam irradiation can 
be used instead of electromagnetic radiation. The exposure 
is usually patterned either by interposing a mask betWeen the 
source of radiation and the material or by scanning a focused 
spot of the source across the surface of the material. When 
masks are used, the lithographic process yields a replica (for 
example, reduced in siZe) of the pattern on the mask. 
“Nanoimiprint lithography” is a lithographic method 
employing an “imprintable resist” in the place of a photo 
resist. The imprintable resist is typically a polymeric mate 
rial and is imprinted by an imprinting substrate that applies 
a pattern to the resist. Alternatively nanoimprint lithography 
may be practiced using a premoded resist. “Premolded 
resists” are liquid polymers that are pored over a substrate in 
a manner such that a pattern of ridges and valleys are 
formed. “Immersion lithography” is a variation of photoli 
thography Where an oil (“immersion oil”) is interposed 
betWeen the resist and the photomask prior to irradiation. 
The effect of the immersion oil in this process is to reduce 
the siZe of the pattern and permit more cuts by the irradiating 
source. 

[0115] The term “patterning system” refers to any means 
of creating a suitable pattern for the direction of a cutting 
means on an immobiliZed population of nano-structures. In 

the art of photolithography (including contact, proximity or 
projection photolithography) a typical patterning system 
Will involve the use of a photomask. In interference lithog 
raphy a photomask is not used, instead optical interference 
of tWo opposed beams of light cause the modulation of the 
light. In immersion lithography, of either the projection or 
the interference type, the presence of the immersion ?uid 
alloWs the production of much ?ner feature patterns in the 
photoresist, and therefore Will permit ?ner cutting. In other 
lithography methods, such as nanoimprint lithography or 
soft lithography, a lithographic mask, master replica or 
stamp is used. 

[0116] The term “lithographic mask” or “photomask” or 
refers to the master mask that de?nes the pattern of radiation 
incident on the photoresist. As used herein, a photomask 
may include a ?exible sheet element having areas Which are 
transparent to radiation incident on the photosensitive layer 
and complementary areas Which are effectively opaque to 
that radiation; the opaque and transparent area de?ning the 
complementary image features to be transferred to the 
photosensitive layer. Typically the photomask is in a pro 
jection lithography stepper, Where the projection lens is 
located betWeen the photomask and the photoresist coated 
substrate, in the case of proximity or contact lithography, the 
photomask is “proximate” to or in contact With the resist 
layer of the cutting device. It Will be understood that by 
“proximate” it is meant that the mask is suf?ciently close so 
as to be in the line of photons thereby effecting a pattern on 
the resist. 

[0117] As used herein, a “plasma” refers to an assembly of 
ions, electrons, neutral atoms and molecules in Which par 
ticle motion is governed primarily by electromagnetic 
forces. The term plasma may also refer to a partially ioniZed 
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gas containing an approximately equal number of positive 
and negative charges, as Well as some other number of 
non-ioniZed gas species. 

[0118] The term “solid substrate” refers to any suitable 
substrate on Which the nano-structures can be applied and 
Which are capable of Withstanding the patterned cutting of 
the nanotubes. 

[0119] A “baking means” Will refer to a mechanism for 
baking or drying a resist or dispersant layer such that it 
bonds to the surface on Which the layer has been placed, or 
such that the layer is chemically altered in some Way. 
Typically baking means incorporated heat sources. 

[0120] The term “dispersant” or “dispersant solution” 
refers to an agent Which spatially ?xes the objects to be cut 
on the solid substrate and enables the coating process of the 
nano-structures on the substrate. 

[0121] The term “separator material” refers to any mate 
rial useful for separating layers of dispersant containing 
nano-structures. Often separator materials may be com 
prised of the same material as the dispersant and often may 
be polymeric in nature. 

[0122] The term “nanotube stripper” Will refer to a solvent 
useful for removing nanotubes and other nano-structures 
from a solid substrate. 

[0123] The term “aligned” as it refers to nanotubes in a 
dispersant solution refers to the orientation of an individual 
nanotube or aggregate of nanotubes With respect to the 
others (i.e., aligned versus non-aligned). As used herein the 
term “aligned” may also refer to a 2 dimensional orientation 
of nano-structures (laying ?at) on a substrate. 

[0124] By “nanoplanes” is meant surfaces Which have one 
characteristic dimension less than 500 nanometers, for 
example a single or a dual layer of graphite or graphene 
sheets. 

[0125] By “nano?bers” is meant natural or polymeric 
?laments Which have one characteristic dimension of less 
than 1000 nanometers. 

[0126] The present invention provides a general method 
for cutting a population of nano-structures to a uniform 
length or distribution of lengths comprising a) coating a 
population of nano-structures on a solid substrate Wherein 
the nano-structures are spatially ?xed on the surface of the 
substrate; b) identifying discrete portions of the coated 
nano-structures of step (a) according to a patterning system; 
and c) applying a cutting means to the identi?ed discrete 
portions of the nano-structures of step (b) Whereby the 
nano-structures are cut to a uniform length or distribution of 
lengths. In a preferred embodiment the invention utiliZes 
standard photoresist technology coupled With ion irradiation 
for the cutting process. 

[0127] The general method may best be understood by 
making reference to the Figures. Where typical photoresist 
technology is used, either a negative or positive resist 
method may be employed for the cutting process. The 
negative resist method is illustrated in FIG. 1. As shoWn in 
FIG. 1, a nano-structure cutting device is assembled com 
prising a photomask (10) set proximate to a negative resist 
(20), Which in turn is in contact With a dispersant layer (30). 



US 2006/0014084 A1 

The photomask (10) is comprised of light transmitting (12) 
and light non-transmitting (14) regions. 

[0128] Admixed Within the dispersant layer (30) is a 
population of nano-structures (40). The dispersant layer (30) 
is positioned on a solid substrate (50). Adjustments to the 
shape or the spacing of the light non-transmitting regions of 
the photomask (14) Will result in changes in the length or the 
distribution of lengths or the population of nano-structures 
(40) that are cut. 

[0129] The method proceeds When the negative resist is 
selectively exposed to electromagnetic radiation via a light 
transmitting section of the photomask (12) and crosslinks 
the exposed section of the negative resist material (20). 
Optionally the noncrosslinked material may be removed by 
the application of a negative resist developer (60), revealing 
a portion of the dispersant layer (30) containing the popu 
lation of nano-structures (40). 

[0130] After removal of the noncrosslinked negative 
resist, a cutting means (70), (typically irradiation With ions, 
plasma or electrons), is applied to the exposed dispersant 
layer (30) Which results in the cutting of the nano-structures 
(40) contained in the dispersant layer (30). 

[0131] In another preferred embodiment the method 
makes use of a positive resist as opposed to a negative resist. 
Referring to FIG. 2, the cutting device is assembled essen 
tially as With the negative resist method except a positive 
resist layer (80) is included in the place of the negative resist. 
Exposure of the photomask (10) to light results in degrada 
tion of the positive photoresist material in the light trans 
mitting region of the photomask (12), While in the non-light 
transmitting regions (90) the photoresist persists Without 
degradation. A positive photoresist developer (100) is then 
applied Which removes the degraded portion of the positive 
photoresist (80). When the cutting means (70), (typically 
irradiation With ions, plasma or electrons) is applied the 
nano-structures (40) Within the dispersant layer (30) are cut. 

[0132] In another preferred embodiment the method 
makes use of projection lithography With a negative (refer to 
FIG. 1) or a positive resist (refer to FIG. 2) but Where the 
photomask is no longer in contact or proximity to the 
photoresist layer. Exposure of the photomask to light in a 
projection lithography stepper or an immersion projection 
lithography stepper results in crosslinking of the negative 
resist or degradation of the positive photoresist material in 
the exposed regions. Aphotoresist developer is then applied 
Which degrades the uncrosslinked portion of the negative 
photoresist, or removes the degraded regions of the positive 
photoresist. When the cutting means, (typically irradiation 
With ions, plasma or electrons) is applied the nano-structures 
Within the dispersant layer are cut. 

[0133] In another preferred embodiment the method 
makes use of a positive or negative resist, the cutting device 
is assembled as in the negative resist case, except no 
photomask is necessary to produce the spatially varying 
latent image in the photoresist. Instead an interference 
photolithography stepper operating at any lithography Wave 
length is used (as discussed by Smith or SWitkes, supra, for 
use With 333.6 or 157 nm light) and the optical interference 
of tWo beams of light produces the spatially varying inten 
sity of light in the photoresist layer, to produce the latent 
image. The positive or negative resist is then developed. 
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Referring to FIG. 1, When the cutting means (70), (typically 
irradiation With ions, plasma or electrons) is applied the 
nano-structures (40) Within the dispersant layer (30) are cut. 

[0134] In another preferred embodiment the method make 
use of nanoimprint lithography of the thermal type to 
produce a replica of the master mask pattern into a thermally 
deformable polymer layer. The mask is then removed and 
the polymeric replica of the master mask is used as the 
pattern transfer layer for the cutting process. Referring to 
FIG. 1, When the cutting means (70), (typically irradiation 
With ions, plasma or electrons) is applied the nano-structures 
(40) Within the dispersant layer (30) are cut. 

[0135] In another preferred embodiment the method 
makes use of nanoimprint lithography of the photosensitive 
type, typically referred to as step and ?ash nanoimprint 
lithography, to produce a replica of the master mask pattern. 
In this case the master mask pattern is brought into contact 
With the into a thermally deformable polymer layer. The 
mask is then removed and the polymeric replica of the 
master mask is used as the pattern transfer layer for the 
cutting process. Referring to FIG. 1, When the cutting means 
(70), (typically irradiation With ions, plasma or electrons) is 
applied the nano-structures (40) Within the dispersant layer 
(30) are cut. 

[0136] Another embodiment of the invention is illustrated 
in FIG. 3. In this embodiment the cutting device is com 
prised only of a dispersant layer (30) having a population of 
nano-structures (40) admixed Within. The dispersant layer 
(30) is coated on a solid substrate (50). A cutting means 
comprising an electron beam (110) is applied to the device 
in a patterned method so as to cut the nano-structures (40) 
in a uniform manner. 

[0137] The skilled artisan Will recogniZe that other appli 
cations of the invention Will be possible folloWing the 
disclosure herein of the basic method. For example it is 
contemplated that a method of continuous cutting of nano 
tubes Will be possible using a system that Will alloW for the 
movement of the solid substrate through baths of various 
components of a nanotube cutting device. This could be 
accomplished for example if the solid substrate Were 
attached to an endless conveyor means such as a belt. The 
belt comprising the substrate could be moved into a bath 
containing carbon nanotubes in a dispersant solution. On 
leaving the dispersant bath the solution Would be dried, and 
then the substrate moved into a bath containing a liquid 
resist. The resist could be baked on the substrate by moving 
the belt through a baking oven and then exposing the resist 
to patterned light Where the resist is degraded. Moving the 
degraded resist into a developing bath Would remove the 
resist exposing sections of the nanotubes and irradiation 
Would result in cutting of the exposed nanotubes Which 
could then be recovered. 

[0138] Nano-Structures 

[0139] The invention provides a means for cutting a 
variety of nano-structures While immobiliZed on a solid 
substrate. Nano-structures suitable for cutting by the present 
invention may have a variety or shapes including tubes, 
rods, cylinders, bundles, Wafers, disks, sheets, plates, planes, 
cones, slivers, granules, ellipsoids, Wedges, polymeric 
?bers, natural ?bers, and are limited only in that they should 
have at least one characteristic dimension less than about 
100 microns. 


















