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R
anging from graphene sheets to full-
erenes, nanotubes (CNTs), and dia-
mond-like coatings, various types of

carbonnanostructures havebeendeveloped,
each with their own fascinating properties.
Besides these well-known allotropes, amor-
phous carbon is a particularly interesting
material, as it shows a wide electrochemical
stability window, excellent biocompatibility,
and high thermal conductivity.1�4 For these
reasons, as well as its cost-effective fabrica-
tion, pyrolyzed carbon has found wide ap-
plications in microsystems, including heat
exchangers,1 chemical probes,4 lab on a chip
systems,3,5 biosensors,6,7 and fuel cells,8,9

and it has been implanted over a million
times in heart valves and orthopedic joints.10

However, relatively few methods have been
developed for the fabrication of amorphous
carbon nanowires (CNWs), themost common
probably being pyrolysis of electrospun
polymers.11�15 While this process is interest-
ing for fabricatingmats of randomly oriented
nanowires, it does not facilitate the fabrica-
tion of high aspect ratio structures nor
structures having anisotropic properties as
observed in vertically aligned CNT forests.
Herewe show that novel anisotropicmicro-

architectures comprising vertically aligned
CNWs can bemade by oxygen plasma treat-
ment of a patterned photoresist, followed
by pyrolysis. Interestingly, these structures
can also be shaped into deterministic three-
dimensional (3D) hierarchical structures
where nanowires are anchored to a micro-
sized solid carbon core. These structures are
reminiscent of biological dendrite architec-
tures that emerged in nature as an op-
timization between the maximization of a
surface area and the minimization of trans-
port losses.16�19 Mimicking such structures
in engineering could play a key role in
the development of new electrodes for

microsensors,20,21 bioprobes,22 batteries,12

and fuel cells,9 as well as for various biomi-
metic applications.18,23,24 In this paper, we
show that 3D microstructures made from
CNW forests can be chemically functiona-
lized and serve as an electrically integrated
biosensor, with a 40% decrease in electrical
resistance upon DNA binding.

RESULTS AND DISCUSSION

The CNW fabrication process begins by
patterning of SU-8 microstructures by stan-
dard UV photolithography (Figure 1A). SU-8
is a negative photoresist that is commonly
used to fabricate high aspect ratio micro-
structures and does not reflow during
pyrolysis.2,4 Next, the sample is exposed to
a harsh O2 plasma treatment (5�60 min,
300 W, 200 sccm O2, 150 mTorr in an 8 in.
Tempress ML 200 plasma etcher), which
establishes the anisotropic nanowire tex-
ture of the SU-8 (see Figure 1B). We believe
different mechanisms enable the formation
of SU8 nanowires. First, SU8 photoresist
contains antimony, which is accumulated
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ABSTRACT We present a new approach for the fabrication and integration of vertically aligned

forests of amorphous carbon nanowires (CNWs), using only standard lithography, oxygen plasma

treatment, and thermal processing. The simplicity and scalability of this process, as well as the

hierarchical organization of CNWs, provides a potential alternative to the use of carbon nanotubes

and graphene for applications in microsystems and high surface area materials. The CNWs are highly

branched at the nanoscale, and novel hierarchical microstructures with CNWs connected to a solid

amorphous core are made by controlling the plasma treatment time. By multilayer processing we

demonstrate deterministic joining of CNW micropillars into 3D sensing networks. Finally we show

that these networks can be chemically functionalized and used for measurement of DNA binding

with increased sensitivity.

KEYWORDS: carbon nanofibers . pyrolysis . amorphous carbon . biosensors .
hierarchical . 3D nanostructures
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at the surface upon plasma etching, and can reach up
to 19% of the surface composition of our samples after
plasma treatment, as observed through XPS (X-ray
photoelectron spectroscopy) analysis (see Supporting
Information Table S1).25 Antimony, together with small
amounts of aluminum that are sputtered from the
plasma chamber, can locally mask the SU8 film and
thereby induce the formation of nanowires.26 This
masking effect, combined with the directionality of
the plasma treatment, induces a vertically oriented
texture to the SU-8 during plasma treatment, as shown
in Figure 1. Further, SU-8 mainly comprises bisphenol
A-epichlorohydrin-formaldehyde copolymer (an epoxy/
phenolic resin).27 Therefore, the nanowire formation
could be enhanced due to differences in etch rates
between aromatic and linear parts of the polymer chain,

similar to surface roughening observed in polyether
ether ketone as well as polyethylene terephthalate
during plasma etching.26,28

Interestingly, we found that these nanofilaments are
maintained during pyrolysis, resulting in “forests” of
vertically aligned carbon nanowires (Figure 1C). Pyro-
lysis was performed by heating the samples in a
nitrogen environment to 300 �C (40min ramp followed
by 30 min hold) and subsequently to 900 �C (90 min
ramp followed by 60 min hold) followed by a slow
cooling to room temperature (at least 12 h), similar to
processes reported for carbon MEMS (microelectro-
mechanical systems).1,2,4,10,12,29 During pyrolysis, all
volatile components evaporate from the SU8, causing
shrinkage of the SU8 nanowires. The wires are initially
approximately 100 nm in diameter and only 15�30 nm

Figure 1. Illustration and SEM images of the top surface and sidewalls of CNW forests at different stages of the fabrication
process, along with corresponding XPS data: SU8 pillars (A) after development, (B) after oxygen plasma, and (C) after
pyrolysis. (D) Evolution of the CNW forest with increasing plasma treatment time, followed by identical pyrolysis treatment.
(E) Raman spectroscopy of bulk pyrolyzed SU8 and CNWS.
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after pyrolysis. XPS characterization shows that nearly
all oxygen is removed during pyrolysis, and interest-
ingly, no traces of antimony were detected after pyrol-
ysis (see Table S1). The height over which the nano-
wires span can be simply controlled by the initial
thickness of the SU8 layer and the parameters of the
oxygen plasma treatment; for instance, longer plasma
treatment allows etching through thicker SU8 struc-
tures. We found typical “forest” heights of 6 μm after
10 min, 13 μm after 30 min, and 27 μm after 60 min
plasma treatment, as shown in Figure 1D. To our
knowledge, the formation of SU-8 nanowires by plasma
treatment, and their transformation into carbon nano-
wires, has never been shown before.
Unlike carbon nanotube forests grown by chemical

vapor deposition (CVD),30,31 the CNW forests are highly
branched (Figure 2A), and the individual wires consist
of amorphous carbon (seeRaman spectroscopyFigure1E,
and TEM Figure 2B). While amorphous CNWs will not
match the unique mechanical and electrical properties
of CNTs,32 CNWs may offer advantages in applications
needing chemical functionalization6,7,33 or where me-
tal catalyst particles typically used for CNT synthesis
(e.g., Fe, Ni, or Co) are prohibited. Further, the proposed
fabrication technology is easily accessible and cost-
effective, especially because the lithography step
could be replaced by SU8 transfer molding.31 Further,
by subsequently coating and developing SU8 layers34

prior to plasma etching and pyrolysis, multilevel
nanowire forests are made (see Figure 3A�C). By con-
trolling the plasma time, the depth over which the

nanowires extend is changed (Figure 1D); thus structures
consisting entirely of nanowires can be fabricated aswell
as micropillars with a solid core surrounded by a nano-
wire network as illustrated in Figures 2C and 3A. The
relative amounts of solid and nanoporous carbon can be
finely controlled by the plasma parameters, providing a
straightforward means of manipulating the hierarchical
structure. In these unique hierarchical structures, the
core conveys mechanical robustness as well as low
overall electrical resistivity, and the CNWs provide a high
active surface area, which is reminiscent of natural net-
works and dendrites.16,18

The mechanical and electrical properties of pyro-
lyzed carbon have been studied previously and de-
pend on many process parameters including for
instance the pyrolysis temperature. As documented
by Schueller et al.,1 the electrical conductivity of pyr-
olyzed carbon typically ranges from 1 to 100 S/cm, and
the Young's modulus is 10�40 GPa. We expect com-
parable, if not greater, properties for CNW structures
due to their anisotropic texture; however, this is the
subject of ongoing work that is beyond the present
scope. Nevertheless, we have verified that the adhe-
sion of the CNW structures to the substrate is sufficient
to enable subsequent lithographic postprocessing.
This is illustrated in Figure 3E�H, where SU8 2050 is
spincoated on top of CNW microstructures and is
subsequently exposed and developed, resulting in
microstructures consisting of both carbon and SU8.
Multistage processing emphasizes the ability to

integrate CNW structures in microsystems and other

Figure 2. Details of the CNW forest morphology. (A) SEM images of aligned topology and Y-junctions (arrows) of pyrolyzed
CNWs. (B) TEM imageof the CNWsafter pyrolysis. (C) Cross-section viewof a pillar showing its hierarchical structurewhere the
CNWs are attached to a solid core. The size of the core is controlled by the plasma treatment time.
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device applications; however, in general it is also
necessary to interconnect microstructures in a desired
and deterministic configuration. For this specific need,
we have implemented a method of 3D structuring to
create self-connected networks of CNW micropillars.2,34

First, we took advantage of the “T-topping” effect,35 by
forming a thin overlayer spanning adjacent SU8 micro-
structures (see Figure 4A). The formation of the over-
layer was induced by soft-baking in convection ovens
rather than on hot plates2 and by exposure to a broad
UV spectrum source.35 As previously reported for the
fabrication of suspended carbon sheets,2 the formation
of these films does not require a second exposure step.
Second, we take advantage of the lateral shrinkage of
the overlayer during pyrolysis, which pulls adjacent
pillars together into three-dimensional canopies shown
in Figure 4A,B. Diverse canopy shapes are fabricated in a
controlled way by changing the layout of the micro-
pillars that support the overlayer. The transformation of
the SU8 structures into 3D carbon shapes can be
predicted qualitatively using finite element models
(FEM) where the pyrolysis is simulated as an isotropic
thermal contraction problem (Comsol), as shown in
Figure 4A. This 3D fashioningmethod can be combined

with the hierarchical nanowire network fabrication de-
scribed above, by simply applying the oxygen plasma
treatment before the pyrolysis (Figure 5A�D), and can
also be combined with multiple-height processing
(Figure 3D).
Further, CNW processing can enable the design and

construction of electrically integrated 3D microarchi-
tectures using only planar patterning operations. For
this, we first define bottom electrodes made either by
pyrolysis of SU8, similar to ref 2 (Figure 4C,D), or by TiN
lift-off patterning (Figure 5A,C). Next, the SU8 pillars
needed for the pyrolysis are defined. We found that
simply changing the spacing between the pillars in-
duces structures ranging from arches (Figure 5A,B) to
extremely fine suspended bridges (Figure 5C,D). The
bridges have a lateral dimension of approximately
1 μmand consist of a network of CNWswith a diameter
of 30 nm or less (Figure 5D). These delicate structures
are found repeatedly across arrays of micropillars
(Figure 5C). In what follows, first steps to develop a
DNA sensor from these electrically integrated CNW
architectures are presented.
Because of its low cost, electrochemical stability, and

biocompatibility, amorphous carbon is an interesting

Figure 3. Examples of multilayer processing. (A) Schematic illustration of multiheight CNW structures. (B) Array of multiple
height SU8 pillars after plasma treatment yet before pyrolysis. (C) Multiple height CNW array after pyrolysis. (D) Multiple
height 3DCNWmicrostructure array after pyrolysis. (E) Schematic illustration of carbon structureswith SU8. (F, G) SEM images
of SU8 pillars patterned on top of hierarchical CNW structures. (H) SU8 pillars patterned in between pyrolyzed carbon
hierarchical structures.
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material for DNA biosensors.6,7 While existing systems
are using sophisticated readout systems based on for
instance quartz crystal microbalances7 or ac impedi-
metric measurements,6 we propose a simple resistive
DNA binding detection based on the unique 3D hier-
archical structures that self-connect two planar elec-
trodes. Single-strandedDNAwas covalently coupled to
the carbon structures via UV photoattachment of a
fatty acid linker molecule, as illustrated in Figure 5E
(details provided in the SI). A similar method has been
used to functionalize graphene-like flakes36 and dia-
mond-like coatings.37 Confocal fluorescencemicroscopy
images of fluorescently labeled DNA bonded to hier-
archical CNWs structures (Figure 5F) as compared to
pyrolyzed carbon structures without CNWs (no plasma
treatment, Figure 5G and SI) illustrate that the CNW
structures exhibit significantly greater DNAbinding. The
fluorescence intensity increased by 750% from 31 au to
234 au by nanostructuring, which is also higher than our
previous experiments performed on graphene-like
flakes,whichobtained ca. 60 au.36 Bleachingexperiments
clearly showed that the fluorescence is originating from
the labeled DNA and not the underlying carbon. During

the above experiments the carbon nanostructures are
repeatedly immersed and rinsed in various liquids (see
SI). Forces arising during this procedure can damage the
samples, and improving the robustness of the structures
is therefore an important aspect of ongoing research.
Finally, DNA binding was detected electrically by a

four-probe resistance measurement of functionalized
3D bridge structures. Measurements were repeated
several times on amorphous carbon bridges both with
and without CNWs. In each case, we compared a pos-
itive sample, where DNAwas covalently bonded to the
carbon, and a negative sample, where DNA was added
to the solution but not bonded to the carbon (no EDC
cross-linker added). The resistance of the DNA-coupled
CNW arches was 40% lower than the negative samples
(Figure 5H). This drop in resistance is likely due to the
DNA-induced charge transfer,6 which improves elec-
trical transport through the arch structure. However,
no resistance change was measured for the structures
without CNWs, as shown in Figure 5H. Because Raman
(Figure 1E) and XPS data (Table S1) suggest both
structurehavea similarmaterial composition, thechanges
in sensitivity are attributed to the CNWs. Through further

Figure 4. Examples of intricate amorphous carbonmicroarchitectures. (A) FEM simulation and SEM images of the 3D carbon
microarchitecture formation by the directed shrinkage of an SU8 topping layer during pyrolysis. (B) SEM images of six- and
12-legged 3D geometries. Left and right images have a different tilt angle, which is controlled by the pillar height. (C) 3D
circular bridgewith six legs and integratedpyrolyzed carbonbottomelectrodes. (D) 3D arrangement of 180 legs connecting a
suspended carbon sheet to interdigitated bottom electrodes.
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studyof thebindingkinetics andDNAhybridization, these
CNW sensors could be integrated in disposable lab-on-
chip systems for point of care applications.

CONCLUSIONS

In closing, we presented a newmethod for hierarch-
ical nanostructuring of carbon into novel microarchi-
tectures of aligned carbon nanowires. This method is
scalable and highly versatile and requires only standard
lithography, oxygen plasma treatment, and thermal
processing. This method therefore complements both
the morphology and fabrication methods of existing

nanostructured carbon.38,39 Preliminary experiments
show that electrically integrated CNW forests could
greatly increase the sensitivity of biosensors, and we
envision that this may also be true for other systems
requiring electrochemically stable electrodes with a
large surface area such as batteries,40 fuel cells,8 and
biochemical probes.22
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Figure 5. CNW arch sensor arrays fabricated on TiN bottom electrodes and their application to DNA binding detection. (A, B)
SEM images of arch-shaped sensing node arrays. (C, D) SEM images of suspended-wire sensing node arrays. (E) Scheme for
covalent binding of a DNA strand to CNW microstructures. (F, G) Fluorescence microscopy of bulk pyrolyzed SU8 and
hierarchically nanostructured micropillars after DNA binding. (H) Change in resistance of CNW arch sensors after binding of
DNA, compared to identical structure made by pyrolysis of SU8 without plasma etching. The average resistance of the
negative reference samples is normalized to 1.
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