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ABSTRACT: Single suspended carbon nanowires (CNWs)
integrated on carbon-MEMS (CMEMS) structures are
fabricated by electrospinning of SU-8 photoresist followed
by pyrolysis. These monolithic CNW-CMEMS structures
enable fabrication of very high aspect ratio CNWs of
predefined length. The CNWs thus fabricated display core—
shell structures having a graphitic shell with a glassy carbon
core. The electrical conductivity of these CNWs is increased

by about 100% compared to glassy carbon as a result of enhanced graphitization. We suggest some tunable fabrication and
pyrolysis parameters that may improve graphitization in the resulting CNWs, making them a good replacement for several carbon

nanostructure-based devices.
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In the past two decades, carbon has received much attention
as a material to possibly compete with silicon for the
construction of miniaturized devices such as ICs and micro-
and nano-electromechanical systems (MEMS and NEMS).! ¢
Carbon occupies a very special place both in nature and
technology because of the Widelgf different structures and
properties of its various forms.” > Glassy carbon electrodes
offer a wide electrochemical stability window, low-background
currents, and low cost.”'!! Graphitic and hard carbons in
battery applications are well suited because of their reversible Li
intercalation/deintercalation capacity.'> Further, carbon nano-
tubes (CNTs), graphene and carbons with higher graphitic
content are of tremendous current interest in both fundamental
research and for nanoelectronics applications."*™"” Here we
introduce CMEMS and CNEMS platforms as a means of
fabrication, positioning, and integration of single suspended
carbon nanowires (CNWs) with good and reproducible ohmic
contacts.

The main challenges in the fabrication of single CNW or
CNT based devices are their positioning and integration with
the underlying platforms and in establishing a reliable ohmic
contact. In most cases, the nanowires are first synthesized and
isolated, and then carefully nanopositioned and integrated, e.g,,
by placing on a flat substrate followed by deposition of metal
electrodes over their ends."®™° These are cumbersome and
low-throughput techniques that are not suitable for manufactur-
ing of solid-state devices. Also, the contact resistance varies
from sample to sample and the contact with the substrate can
interfere with the properties of the nanowires. Here we present
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a simple and scalable fabrication technique for positioning and
integration of suspended CNWs with good ohmic contacts.
This technique enables fabrication of single, well separated
CNWs that are pulled in tension on the CMEMS, and isolation
of a single CNW from bulk is not required. This is achieved by
electrospining of polymer nanowires on an underlying
polymeric MEMS platform fixed on a rotating drum, followed
by pyrolysis of the suspended nanowires plus their platform to
produce a carbon monolith. The current technique enables the
fabrication of CNWs of predefined lengths at preselected
locations of interest, which are difficult to achieve with other
methods. Further, we show that this method produces CNWs
of higher graphitic content and electrical conductivity than
glassy carbon and the extent of graphitization can be tuned by
controlling the fabrication parameters.

It is known that in the pyrolysis process, polymer precursors
retain their original morphology and chain configurations.”!
Therefore, it is extremely important to first obtain polymer
nanofibers with maximized chain disentanglements in order to
get more graphitic resulting CNWs. Tangled polymer chains
yield glassy carbons that cannot be reverted back to graphite
even at very high temperatures,”' > because it is not possible
to unwind the polymer chains once converted to carbon.

The parameters that may influence the extent of disen-
tanglement of polymer chains, and in turn, the extent of
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graphitization in the CNWs include (1) nature of the precursor
polymer (e.g,, its chemical composition and viscoelasticity),**
(2) thickness of the polymer wires,” (3) carbonization
temperature,”” (4) alignment of polymer molecules by the
flow pattern of the polymer and nozzle size,”>*® (5) mechanical
pulling of the polymer molecules,””*® (6) alignment of
polymers chains caused by high electric fields,” (7) catalysts

in the precursor polymer,®® and (8) templating.*"**

In addition to these reported parameters, we believe that
mechanical pulling of the suspended polymer nanofiber is also
affected in other ways. For example, during the carbonization
process itself, say when employing SU-8 walls to hold the fiber,
the shrinkage of these walls to almost one forth their original
size (horizontally) gives an extra pull to the suspended fibers.
We chose to work further with SU-8 derived nanowires because
it is the material of choice for MEMS fabrication, allowing a
wider range of MEMS structures with tunable designs due to its
compatibility with conventional photolithography. Further, SU-
8 fibers should display better adhesion and integration with SU-
8 MEMS structures because of the same glass transition
temperature of both. Also, because of the very low electrical
conductivity of SU-8 fibers, the high voltages applied during
electrospinning exert an extra mechanical force on the polymer
nanofibers during their formation, stretching and disentangling
the polymer chains. Moreover, carbonization of one-dimen-
sional, suspended polymer structures, with all surfaces exposed
during pyrolysis, is bound to give a different morphology than
surface attached structures. Finally, making the wires shorter
gives one a higher probability of obtaining CNWs that contain
continuous graphite sheets without defects or bending of
graphitic planes from contact to contact (explained in detail
with HR-TEM pictures, Figure 3). Figure 3A—D illustrates four
different types of CNWs that can be observed in the same
batch of fibers. Most CNWs have core—shell geometry.
However, the thickness of graphitic shell may slightly vary
because the distribution of polymer chains may not be uniform
at nanoscale in the polymer solution itself. Images E and F in
Figure 3 display HR-TEM images of pure graphite and glassy
carbon, and it can be clearly observed that carbon chains form
loops in polymer derived glassy carbons and it is almost
impossible to disentangle them after carbonization.

These parameters are not necessarily independent; nor are
their relative importance in enhancing the graphitic content of
the wires known. Our group has started to address the relative
influence of these different parameters on the extent of
graphitization. In a previous work, we discussed the results of
conductivity measurements on single suspended CNWs derived
from two different polymers (parameter 1).>* The carbon fibers
studied were only moderately stretched with diameters ~200
nm (parameter 6), and no additional mechanical stretching
(parameter S) was employed during fabrication. The relatively
large diameters also did not allow elucidation of nanoconfine-
ment or surface effects.

In the current paper we emphasize fabrication of structures
for use in evaluating the influence of parameters 4, S, and 6 and
the additional plausible parameters listed above by monitoring
the change in resistance and structural changes in the fabricated
CNWs. Besides impedance measurements, high-resolution
transmission electron microscopy (HR-TEM), Raman spec-
troscopy, X-ray diffraction (XRD), and scanning electron
microscopy (SEM) were carried out to correlate nanowire
structure with resistance data.
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A typical MEMS structure featuring SU-8 walls that was used
to anchor electrospun suspended nanowires is schematically
shown in Figure 1A. In this design, two SU-8 contact pads (5.0

A

Figure 1. (A) 2D representation of SU-8 MEMS structure used as
base structure for electrospinning nanofibers. Both thickness and the
gap between two stripes are 20 ym. (B) Use of rotating drum as
collector for electrospinning SU-8 nanofibers on SU-8 MEMS chip.
(C) Final chip-based CMEMS-CNW design on a Si chip fabricated as
described in A and B and pyrolyzed at 900 °C (electrical connections
were made only after pyrolysis).

mm X 5.0 mm) are connected to two SU-8 walls 20 ym wide
with a 20 pm gap in between. The SU-8 posts are about 10 ym
high, which shrink to ~2 ym height after pyrolysis. In Figure
1B, we schematically illustrate photoelectrospinning of SU-8 on
an SU-8 MEMS structure employing a rotating drum collector,
whereas in Figure 1C we display a Si chip (2 cm X 1 cm)
patterned with a CNW-CMEMS structure that is obtained by
the pyrolysis of the polymer precursor structures. The rotating
drum forces the fibers to follow a straight pattern that we orient
perpendicularly to the electrodes, and because of the drum’s
rotation, the fibers remain taut without touching the substrate.

Flow and electrical field are both expected to facilitate
molecular disentanglement (parameters 4 and 5). And as we
also speculate here the rotating drum introduces a considerable
additional mechanical pull on the nanowires that may further
enhance graphitization by molecular combing (parameter 6).

In case more than one carbon nanofiber linked the walls, the
extra fibers were cut using a gallium ion beam dual focused ion
beam (FIB) system. The MEMS design employed in our
fabrication has 2 mm long overlapping electrodes. The number
of fibers linking these electrodes can be controlled by reducing
the time of electrospinning and the overlapping area of the
electrodes. In this study we perform electrospinning for 3—5
seconds, which yields a single CNW in most cases. However, if
two fibers fallen at the same time connect the electrodes, the
undesired extra fiber can be cut using FIB.

The FIB wire cutting is illustrated in Figure 2A. After
confirming that only one suspended carbon wire remained, the
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Figure 2. (A) FIB cutting for extra CNWs. (B) Typical I-V curve for a single suspended CNW. (C, D) SEM images displaying (C) the diameter
and (D) length of a single suspended CNW. (E) Low-magnification SEM image displaying the adhesion of CNW on to CMEMS electrode walls.

carbon electrode pads were connected to Cu wires with silver
paste that then were connected to an impedance analyzer
(Figure 1C). Figure 2B shows a typical I-V curve for a 42.2 nm
thick and ~29 pm long single suspended CNW obtained using
the impedance analyzer connected to the measuring chip
(illustrated in Figure 1C). The structures of these CNWs were
further characterized with SEM, Raman spectroscopy, XRD,
and HR-TEM imaging.

Typical SEM images of single suspended CNWs are shown
in Figure 2C—E. In Figure 2C, D, a 42.22 nm thick nanowire
with a length of ~29 ym is shown. It can be observed in Figure
3D that the CNWs have a very uniform geometry. However, to
account for any experimental or imaging error in determining
the diameter of CNWs, we took SEM pictures at 3—4 different
points along the length of the wire. Uniformity of the wires to
within 10% was observed. In Figure 2E, a lower-magnification
SEM image illustrates the adhesion of a typical CNW onto the
carbon walls. As the SU-8 MEMS structure and suspended SU-
8 nanowire are pyrolyzed together, this technique yields CNWs
with very good adhesion to the walls. Also, the electrical
measurements confirm that an ohmic contact between wire and
walls is realized automatically without the need for any other
contacting metal or further sintering.

The linearity of all -V curves thus obtained is evidence for
the ohmicity of the carbon-to-carbon contacts. In Table 1 we
compare the electrical conductivity values of five different
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diameter wires as obtained from the slope of I-V curves. While
calculating the conductivity values, length, and diameters of
CNWs were accounted for. We observe that for the CNWs in
diameter range 42—113, the conductivity is a materials property
and thus remains constant.

The average value for the electrical conductivity of the
CNWs was found to be 6.13 X 10* which is almost twice that
of glassy carbon (2.8 X 10%).** The reported electrical
conductivity values for graphite range from 2.4 X 10* to 1.02
X 10° observed parallel and perpendicular to the C-axis,
respectively.”* Our experimental conductivity values are lower
than graphite but higher than glassy carbon. These results
indicated that electrospun SU-8 derived CNWs fabricated with
additional mechanical pulling are not composed entirely of
glassy carbon. On the basis of previous CMEMS work® with
carbonization of SU-8, one expects that the resulting carbon
would be completely glassy in nature and that the suspended
carbon wires would shrink by approximately 80—90% of the
original polymer wire diameter. However, these wires shrunk
only by approximately 30% of the original wire diameter as
confirmed by SEM images. These unexpected observations on
electrical conductivity and shrinkage during pyrolysis led us to
investigate the structure and composition of the CNWs. An
earlier study”® reported a lower value for the SU-8 derived
carbon wires of ~200 nm diameter, which was most likely due
to their higher contact resistance as they could not be spun and
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Figure 3. (A—D) HR-TEM images of SU-8 derived CNWs: (A) Tubelike graphitic CNW with glassy carbon core and graphite shell. (B) Glassy
carbon trapped between graphitic walls in a CNW. (C) Graphite layers bending inward at various segments of a CNW. (D) Tubelike graphitic CNW
with graphite shell not well-formed. (E) Pure graphite obtained from pencil flakes. (F) Pure glassy carbon obtained from a pyrolyzed thick SU-8

structure.

Table 1. Comparison of the Conductivity of SU-8 Derived
Single Suspended CNWs of Different Diameters

diameter of nanowire (nm) observed value of conductivity (S/m)
42.22 6.16 (+0.23) x 10*
71.16 6.96 (+ 0.17) x 10*
107.0 533 (% 0.21) x 10*
113.0 6.07 (£ 0.19) x 10*
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integrated tightly on to the posts without mechanical action of
pulling on a rotating drum as used here.

The HR-TEM images in Figure 3A—D indicate formation of
ordered surface domains with a more disordered glassy core.
The presence of a graphitic skin layer could explain the higher
conductivity and a lack of greater shrinkage associated with the
production of glassy carbon. Such structures support the
theoretical model of polymer chain orientation suggested by Ji
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et al.”® With repeated HR-TEM experiments, we also observed
bending of graphitic planes (Figure 3C), something that should
also influence the conductivity.*

Figure 4A displays the Raman spectra for SU-8 derived
CNWs. The fraction of disordered carbon in these wires
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Figure 4. (A) Raman spectra of SU-8 derived CNWs. (B) XRD data
for SU-8 derived CNWs (Y axis, intensity in au.; X axis, 26 in deg).

(calculated as the area fraction of the first peak, I)*® is lower
than the fraction of graphitic carbon (area fraction of the
second peak, Ig) ; however, we can observe the presence of both
amorphous and crystalline carbon. The fraction of graphite in
the resulting carbon is 0.61 which indicates that a slightly
higher amount of graphitic carbon than amorphous is present
in the wires.

The results of XRD are represented in Figure 4B. We can
clearly observe the characteristic sharp peak for graphite at 20
value 28.%” The diffused peaks appearing at 26 values 10—23
confirm the presence of amorphous or glassy carbon with some
degree of crystallinity.®® These results again confirm the
partially graphitic nature of CNWs.

According to Harris,>> carbons obtained from the pyrolysis of
polymers contain six, five and seven membered rings, the latter
two cause the bending of graphitic planes. This bending effect
can be observed in our HR-TEM pictures (Figure 3C). It
appears that the stretching action of the combined mechanical
and electrostatic forces during electrospinning on a drum
greatly reduces the polymer chain entanglement leading to their
alignment and to more graphitic CNWs. SU-8 has very low
electrical conductivity and therefore very high voltages are
applied during electrospinning. The charged SU-8 fibers are
pulled from both ends by electrical force and this leads to better
electrical combing leading to chain disentanglements. In
contrast, carbonization of the underlying photolitographically
defined SU-8 (as in the contacting walls) continues to yield
completely glassy carbon as expected. This supports the idea
that the enhanced graphitization of SU-8 derived CNWs is
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affected by the fabrication technique used. The improved
graphitization of the CNWs fabricated here by electrospinning
is thus engendered by one or more of the following factors: (1)
flow of the polymer/solvent jet with a diameter similar to that
of the gyration radius of the constituent polymer molecules,”
(2) mechanical pulling of fibers during the electrospinning on a
drum, (3) high electrical forces employed in electrospinning
acting on the charged SU-8 polymer (electrical molecule
combing) and, (4) pyrolysis of a free-standing one- dimensional
structure instead of an anchored three-dimensional large
polymer structure.

In summary, we have demonstrated a method for the
fabrication of sub-50 nm diameter suspended carbon wires of
predefined length and position by controlled electrospinning.
These wires are monolithically integrated with an underlying
CMEMS structure. The method is compatible with standard
photolithography and electrospinning techniques and materials
(SU-8 photoresist) allowing for easy integration with mass
manufacturing. The most important advantage of our
fabrication methodology is that we obtain a monolithic device
with no glue or clips required to hold the nanowire in place.
This technique is a very simple and inexpensive way for
fabricating carbon nanowires with very high aspect ratios. Also,
no effort is required for isolation and positioning of a single
CNW from a collection of wires. The wires are free-standing
and they are pulled in tension due to the mechanical stretching
caused by the rotating drum. The stretching of the polymer
chains and surface confinement in these CNWs produce a
graphitic skin and an amorphous core, thus enhancing the
CNW electrical conductivity compared to pure glassy carbon.
We also analyzed all the parameters that may improve chain
disentanglements in polymer nanofibers that subsequently lead
to more graphitic CNWs. A complete understanding and
control over these parameters will enable the production of all
graphite nanowires from contact to contact, i.e., nanocables that
exhibit a band gap equivalent to de Heer et al’s graphene
ribbons.>

B EXPERIMENTAL SECTION

High-resistivity Si wafers (25—40 kQ) coated with an 800 nm
thick layer of thermal SiO, were utilized as substrates to ensure
a completely insulated surface for electrical characterization of
the carbonized fibers and CMEMS structure. Epoxy-based
negative photoresist, SU-8 2010 (2000 series cyclopentanone-
based formulation obtained from Micro Chem, MA) without
any additional solvents was electrospun to produce SU-8
nanofibers on the SU-8 walls. We employed standard
photolithography to fabricate the SU-8 MEMS contact
structures that predefine the length of the electrospun SU-8
fibers.”** Electrospinning was carried out on a electrospinner
(NF Series, MECC, Japan) with a rotating drum collector. The
rotating drum collector’s speed during electrospinning was
2000 rpm and MEMS chips were fixed onto the drum with
scotch tape. The flow rate of the SU-8 photoresist was 1 mL/h
throughout the short 3—5 s electrospinning process. The
distance between the polymer jet’s point of initiation and the
rotating collector was 10 cm. The applied voltage was 22—24
kV. In 3—5 s of electrospinning, we typically obtained between
1 to S nanofibers suspended between the SU-8 walls. The fibers
were exposed to UV light to initiate cross-linking. Pyrolysis of
these SU-8 nanofibers and SU-8 walls was carried out at 900 °C
for 1 h in a vacuum furnace (R. D. WEBB 2704, USA); the
temperature ramp up was 1 °C/min.
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Impedance measurements on the suspended single CNWs
ranging from 42.2- 113.0 nm in diameter were carried out using
a VSP impedance analyzer (BioLogic, S.Korea). For HR-TEM,
Raman spectra, and X- ray diffraction, the samples were
prepared as nanowire mats rather than individual fibers. An
average value of graphitization of nanowires in the laser/X-ray
beam was calculated. HR-TEM imaging was carried out on a
JEM-2100F (Cs) machine (JEOL, Japan), Raman spectra and
X- Ray Diffraction patters were obtained on a WITec
alpha300R Micro Raman instrument (532 nm) and X’ Pert
PRO, (PANanalytical, Netherlands) using Cu Ka radiation
respectively. SEM and FIB imaging were carried out on a dual
beam FIB system (Quanta 3D FEG, FEIL, USA).

There is a major difference in the fabrication method
employed here compared to our earlier work.>* Earlier,
electrospinning was done on electrically conducting posts
without a rotating drum.** The electrospun nanofibers did not
connect to the posts if the posts were not conducting. In the
present technique, nanowire connections can be formed
directly on nonconducting SU-8 walls by mechanical means,
ie, action of the rotating collector. The whole structure
(underlying SU-8 MEMS platform plus wires) is pyrolyzed after
the formation of nanowires. The earlier technique®* is thus
more suitable for the formation of large area networks in which
an array of microposts are to be connected by self-assembly
engendered by electrically conducting posts. The current
technique, however, appears to be more attractive for a tighter
integration of the nanowires with the underlying microstructure
and thus for a more accurate testing of the electrical properties
of single wires.
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