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Room-temperature fabrication of high-resolution carbon nanotube
field-emission cathodes by self-assembly
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In this letter, we report a process fooom-temperatureassembly of patterned and periodic
structures of carbon nanotub@NTs). Well-defined patterns with less than a 463 linewidth and

variable thickness were readily deposited. The CNTs show long-range in-plane orientation ordering
and adhere strongly to the substrates. The self-assembled macroscopic structures emit electrons
under applied electrical field with the emission characteristics comparable to those from the
high-temperature or/and low-resolution deposition processes. This room-temperature self-assembly
method can be utilized for assembly and integration of nanostructured materials for a variety of
devices, including the field-emission displays. 2003 American Institute of Physics.
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Carbon nanotube€CNTs)* have recently emerged as a tures are characterized. The threshold field for 10 m&/cm
promising class of electron field-emission matefialsth a  current density was found to be 6 Mh.
low-threshold field for emission and sustainable high- Purified single-walled carbon nanotut@WNT) bundles
emission current:’ They are being actively investigated as produced at UN® were used as the starting material. They
the next generation of electron sources for a variety ofvere chemically processed to be hydrophilic with controlled
vacuum electronic devicés!?For CNTs to become a viable aspect ratio€ and were then vacuum annealed before use. A
engineering material for device applications, efficient assemrepresentative transmission electron microscOfeM) im-
bly and integration processes are required that are currenttyge of the SWNT bundles after processing is shown in Fig.
lacking. Among the synthesis methods developed to datel(a). The chemical treatment did not alter the basic structure
chemical vapor depositiofCVD) is the only one capable of of the SWNTs: the vibration frequencies of the Raman-active
directly depositing CNT and CNT-like materials on device breathing and tangential modes remain the sping 1(b)].
surfaces. However, the requirements of high temperaturBourier-transform-infrared FTIR) spectroscopy showed a
(typically>800°C) and reactive environment have pre-strong G=0 stretching mode at 1727 ¢, suggesting that
vented its application from devices with limited thermal defects were created and the dangling bonds were terminated
and/or chemical stability, such as field-emission displayssy COOH groups, as previously reportéd.
(FED), which use low-melting-temperature glass substtates Substrates to be deposited with CNTs were first pat-
and polymeric systems. Several techniques have been devétrned with alternating hydrophobic and hydrophilic regions
oped to assemble/integrate preformed nanostructures intbat are 10—10@m in linewidth, as illustrated in Fig. 2. Two
functional hierarchical structures under mild conditidhs. types of substrates were prepared for the CNT deposition. All
Screen-printing is currently used to fabricate CNT cathodeshe substrates were first coated with a thin layer of photore-
for FEDs® Among other issues, this approach suffers fromsist (Shipley 1813. In the first case, the pattern was created
low resolution and inefficient use of material. on a hydrophilic substrate, such as glass, by the standard

We have recently shown that functionalized CNTs canphotolithography method, using a printed polymer foil as the
self-assemble into uniform and ordered fortiddere we photomask(Fig 2, step 2a In the second case, to provide a
demonstrate that patterned and periodic CNT structures cavetter electrical conduct, the hydrophilic substrates were
be assembled on various substrates by a dip-coatingietallized by thermal evaporation and photoresist lift-off
proces§*!® at room temperatureStructures with a less than (Step 2. After UV ozone cleaning, solution silanization by
10-um linewidth were obtained using template substratesl MM octadecyltrichlorosilan€OTS) in the mixed solvent of

The emission characteristics of these self-assembled strubexadecane and tetrachlorocarbon was performed in a dry

box (step 3h.1° The processed substrate was then sonicated
dCurrent address: Applied Nanotechnologies, Inc., 308 West Rosemary Stm chloroform and ethyl alCthl before use. .
Chapel Hill, NC 27516. A homogeneous suspension of the SWNTs was stabi-

YElectronic mail: zhou@physics.unc.edu lized in deionized water at a nanotube concentration up to
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FIG. 1. Transmission electron micrographs of the processed SWNTs witlfrIG. 3. Optical microscope images of the SWNTs deposited on ¢gassd
average bundle lengths of 1+2n. Inset: Raman spectrum of the processed aluminum(b) surfaces. The linewidths of the SWNT stripes(& are 100,
SWNTs showing the characteristic breathing mode. 40, and 10um, respectively. The shadows (a) are due to reflections from

the surface underneath the glass substrate. The films were obtained at a

. iti te to 15 /day.
1.0 g/L. The patterned substrate was submersed vertlcallglepos' fon rate fo &> mmiday

into the SWNT/water suspension at room temperature. The ) o
nanotubes assembled along the water—substrate—air tripf@0M temperature. For comparison, the conductivity of the
line on the hydrophilic regions of the substrate. As the triplefféestanding SWNT membranes fabricated in our lab is
line moved downward when the water gradually evaporated;” 0-3 S/cm.
a continuous SWNT film formed. The nanotubes adhered ~The film thickness and the uniformity depended on the
strongly to the hydrophilic substrate and cannot be removegoncentration of the suspension and the evaporation rate.
by washing in solvents such as methanol, ethanol, and buffthick films were obtained at high concentration and low
ered hydrofluoric acid. This enabled the removal of the pho&vaporation rate. In the case of water the thickness of the
toresist after CNT deposition. The bonding is attributed toCNT film decreases with increasing temperature. The film
the interaction between the -OH groups on the glass sufeecame discontinuous when the temperature was raised
strate and the functional groups that terminate the CNT de@Pove 40°C. The same phenomenon was observed when
fect sites. water was replaced by another fast-evaporating solvent, such
As shown in Fig. 3, well-defined CNT patterns with a @S ethyl glcohpl..Tem.peratur.e quc_tuation during depositiqn
linewidth as small as 1Qum were obtained by this dip- resulted in variations in the fllm thickness due to change in
coating process. At present, the linewidth is limited by thethe solvent.evaporatlon rate. Films of short SWI_\ITS tend to
resolution of the printed polymer photomask rather than by?€ more uniform than those of long tubes, which is related to
the deposition method. The SWNT stripes have stepwisée difference in the quality of the suspension. In some cases
sharp edges at the interfaces and are smooth and continuo§§'€aks running parallel to the deposition direction were ob-
The electrical conductivity of the self-assembled film depos_served on the CNT films. This is attributed to the instability

ited on an insulating surface was measured to be 0.2 S/cm &f receding fluid at the interfacg:** _
Similar to the CNT films assembled on chemically ho-
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FIG. 2. A schematic illustration of the fabrication proceds:a hydrophilic substrate s
glass substrate is patterned with a layer of hydrophobic photoresist by pho-
tolithography.(2a) SWNTs are deposited on the hydrophilic regions of the interface
substrate(exposed glass surfacky the self-assembly proces@a) Re-
moval of the hydrophobic polymer coating by washing the SWNT coated
substrate in acetong2b) Metallization by thermal evaporation of metals
(Cr/Al) and photoresist lift-off(3b) Attachment of OTS molecules on hy- FIG. 4. An illustration of the gradual change of the CNT orientation on the
droxyl terminated glass surfac@l) Deposition of CNTs on metal strips. patterned substrate.
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CNTs to protrude along the field direction thus reduces the
----- Before threshold field.
; The electron field-emission characteristics of these self-
: assembled structures compare favorably with those from the
; CVD-grown CNT£>2?* and cathodes by the screen-printing
method<?® Emission cathodes with a much higher pixel reso-
lution can be obtained from the self-assembly process com-
) pared to what is afforded by the thick-film technique. The
: process is versatile, and similar results have been obtained
: from both SWNTs and multiwalled carbon nanotubes on a
. : variety of substrates, such as Si, glass, ITO-coated glass, Al,
o and Cr. It is potentially a viable process for assembly and
. e integration of nanostructured materials for device applica-
3 6 9 12 tions, including field-emission displays. Work is in progress
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FIG. 5. Field-emission characteristics of a self assembled CNT film. The . .
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