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Vertically aligned carbon nanofibers as sacrificial templates
for nanofluidic structures
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We report a method to fabricate nanoscale pigemnopipes”) suitable for fluidic transport.
Vertically aligned carbon nanofibers grown by plasma-enhanced chemical vapor deposition are used
as sacrificial templates for nanopipes with internal diameters as small as 30 nm and lengths up to
several micrometers that are oriented perpendicular to the substrate. This method provides a high
level of control over the nanopipe location, number, length, and diameter, permitting them to be
deterministically positioned on a substrate and arranged into array2008 American Institute of
Physics. [DOI: 10.1063/1.1544058

The fabrication of devices that function on the nano-micropipettes! which are single-element probing devices,
meter scale requires new approaches when standard micrtie fabrication of nanopipes can be integrated in a parallel
fabrication techniques cannot be scaled down. One such amanner into microchip fabrication and lab-on-a-chip devices.
proach, the use of the materials such as carbon nanotubd&nopipe-based devices may be used as nanoporous
and carbon nanofibers that self-assemble into nanostructuresembrane’$4for molecular control, as they can be synthe-
has been successfully applied in nanoelectrohfdertically ~ sized with very good control of the nanopore geometry. The
aligned carbon nanofibef¥ACNFs) that can be synthesized ability to define the nanopipe location, numléerg., array or
highly deterministically’~® have been utilized in a variety of single, length and internal diameter is mainly provided by
nanodevices, such as VACNF-based electrochemical probeke ability to deterministically grow vertically aligned carbon
designed for intracellular characterizaticor gated cathode nanofibers.
field-emitters® Another nanofabrication approach that has  The nanopipe fabrication process is depicted in Fig. 1.
been proposed for construction of nanofluidic devices is tarhin (80-nm), low-stress SN, membranes were used as a
use templates made of sacrificial materials defined byubstrate so that the access holes to the nanopipes could be
electron-beam lithograph{EBL).° opened from the back side of the ch[fFig. 1(a)]. EBL was

In the work reported here, we combine these two apused to define catalyst sites for deterministic growth of
proaches to demonstrate the use of carbon nanofibers as se#ACNFs [Fig. 1(b)]. The nanofibers were growrig. 1(c)]
assembled sacrificial templates for the synthesis of nandn a glow discharge dc plasma consisting of an ammonia/
pipes, which are extended hollow structures that can be a@cetylene gas mixture at 700 <X scanning electron micro-
long as a few micrometers, with internal diameters as smatscope(SEM) image of the resultant array of fibers is shown
as 30 nm. Such nanopipes can be implemented as functionial Fig. 2. In the next stepFig. 1(d)], the nanopipe walls
elements in gas- and liquid-phase fluidic devices. Severakere formed by coating the nanofibers and chip surface with
applications of nanopipes can be envisioned, including higha 100-nm-thick layer of SiQusing a silane-based, plasma-
throughput sensing, analysis of molecular speties)d flu-  enhanced chemical vapor deposition process. Resist was then
idic interfaces to live cells. Compared to conventional pulledspun-on and the tips of the nanopipes were opened by

reactive-ion etching. The Ni particle was removed in nitric
dAlso with: Department of Electrical and Computer Engineering, University acid, providing access to t_he carbon nanofiiéigs. Ye),
of Tennessee, Knoxville, TN 37996; electronic mail: 1(f), and 1g)], that successively were etched from the nan-
meleshkoav@ornl.gov opipe interior in an oxygen plasni&ig. 1(h)]. Finally, open-

YAlso with: Center for Environmental Biotechnology, University of Tennes- ings through the silicon nitride membrane were produced by
see, Knoxville, TN 37996.

9Also with; Materials Science and Engineering Department, University of€XP0SINg the chip to %F'[Oz_'based reaCtive ion etching, with
Tennessee, Knoxville, TN 37996. the newly formed nanopipes serving as a mask, thereby
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FIG. 1. Steps for fabrication of nanopipes on a thin membrémeSi;N,
membrane on Si substrate with back-side-etched windbyNi particles
are defined via EBL and lift-off technique¢c) VACNFs are grown by
plasma-enhanced chemical vapor depositidhthe VACNFs and substrate
are coated with Sig) (e) resist is spun on(f) SiO, is removed from the tips
by reactive-ion etching and the remaining resist is removgg;the Ni
particle is removed in an HNQwet etch;(h) the carbon nanofiber is etched
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FIG. 3. SEM images of the final nanopipe structur@s:side view at 30°;

(b) top view (nanopipe sidg (c) bottom view (SiN, membrane side Note

that each of the two nanopipes acts faithfully as a mask during the etching-
through step.

away in an Q plasmaji) the SiN, membrane is etched from the front side,
through the nanopipes, by reactive-ion etching.

membrane, and a solution of double-stranded DNA on the

assuring self-alignment of the back-side holes with the nan@PPOSINg side, the transport of material through the pipe

opipes[Fig. 1()]. The SEM images of the final structure are c0uld be observed by an enhanced fluorescent response in
presented in Fig. 3. To produce the structures presented fhe regions where the fluids mixed. To enable visualization

this letter, the catalyst dot size was larger than 400 nm ifPf this interaction using fluorescence microscopy, a fixture
diameter due to the limitations of the EBL tool used, thusWas fabricated that elevated the nanopipe membrane ap-

multiple fibers(2—3 were produced on each difig. 2].2 prpximately 1 mm above the surface of a glass microscope
The functionality of nanopipes has been demonstrated!ide- Approximately 1Qul of the two solutiong6-uM pro-

by observing fluidic transport between two fluid regions thatPidium iodide and 0.5:g/ul plasmid DNA (pgreenlantern-
were physically separated by a membrane containing thé] Was then placed on the tdpropidium iodide and bot-
nanopipe pores. To observe fluid transport, we exploited thi°M (DNA) surfaces of the membrane, respectively. Prior to
fluorogenic property of propidium iodide, a nucleic acid stain'°@ding, the dry nanopipe array was imaged in transmission
that is fluorescently enhanced by a factor of 20—~30 upon it§"°de using white light illuminatioriFig. 4@)]. After load-

intercalation between the bases of double-stranded DNA. B{f'9 the diffusive transport of material between the two so-
placing a solution of this dye on one side of the nanopip utions was observed using two-dimensional images acquired
with an optical microscope with an epifluorescence attach-

ment, a cooled CCD camera, and a TRITC filter(&t5-nm
excitation/620-nm emissign Immediately upon loading,
plumes of fluorescence could be observed in the DNA solu-
tion at some of the nanopipe positions as propidium iodide
diffused through the nanopipes and intercalated into the plas-
mid DNA [Figs. 4b) and 4c)]. After a few minutes, these
plumes tended to decrease and dteig. 4(d)], possibly due
to the large structure of the plasmid tending to diffuse into
and clog the nanoscale pipe pores. Over time, the fluores-
cence at the pipe positions was noted to increase, perhaps
indicative of the presence of increasing amounts of
propidium-iodide-stained DNA within the nanopipe.
Following demonstration of diffusive transport between
the propidium iodide and DNA solutions, the fixture was
modified to enable electrical connection to the fluid droplets
on either side of the nanopipe membrane. \Voltages were ap-
plied between the two solutions, with the positive electrode
in the propidium iodide solution and the negative electrode
in the DNA solution. Under these conditions, there will be
FIG. 2. Scanning electron micrograph of an array of VACNFs grown on topelectrophoretic mobility of the propidium ioiipositively

of a SgN, membrane (30° view, 1@m spacing, 1zm average height, : : :
100-nm diameter The evaporated Ni catalyst dots were sufficiently large charge()l towards the negative electrode in the DNA solution,

that most of them separated into two distinct nanoparticles during sinterin@S Well as DNA(negatively charged phosphate backbone

at 700 °C, so that two VACNFs were grown at most locations. migration to the positive electrode in the propidium iodide
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[Fig. 4(f)]. Application of a 5-V potential between the two
fluids resulted in the sudden generation of a large plume
from a few nanopipe$Figs. 4g) and 4h)] that subsided
after about 5 min[Fig. 4(i)]. Both the diffusive and
electrokinetically-induced plume generation could be repro-
duced after thorough rinsing of the device in nanopure water.
In summary, a concept of nanofabrication based upon the
synthesis of sacrificial self-assembled nanostruct(Va<-
NFs) grown at predetermined locations as templates for the
formation of nanopipe structures has been demonstrated. The
functionality of nanopipes for diffusive and electrokinetic
transport of small molecules has been confirmed.
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