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Nanotube micro-optomechanical actuators
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In this letter we demonstrate a simple carbon nanotube patterning technique that combines nanotube
film bonding, photolithography, and O2 plasma etching. Well defined carbon nanotube film
structures with line widths less than �1.5 �m and thickness ranging from 40 to 780 nm were
readily fabricated. A micro-optomechanical actuator based on this process has been demonstrated.
This patterning process can be utilized for the integration of nanomaterials for wide variety of
devices including microeletromechanical systems, field emission displays, and
micro-optomechanical systems �MOMS�. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2214148�
Carbon nanotube films �CNFs� have attracted increasing
interest in recent years due to their promising potentials in
many applications such as field emission displays,1 chemical
sensors,2,3 strain sensors,4 thin film transistors,5

photodetectors,6 and transparent electrodes for optoelectronic
devices.7,8 While nanotubes have been processed into mac-
roscopic sheets and films, devices based on nanotube films
employing batch fabrication techniques have been elusive.
The lack of precise control of nanotube film pattern in micro-
and nanoscales has become one of the major stumbling
blocks for fulfilling these applications. The requirement of
high quality and high resolution patterning of nanotube films
into various features at desired locations on specified sub-
strates calls for advances in nanotube patterning techniques.
Pregrowth patterning such as chemical vapor deposition
�CVD� was used to grow carbon nanotubes selectively onto
prepatterned catalyst blocks by CVD process.9,10 However, it
suffers from low material purity and high processing tem-
peratures and is incompatible with complementary metal ox-
ide semiconductor �CMOS� and microeletromechanical sys-
tem �MEMS� processing. To overcome these problems,
postgrowth patterning techniques such as electrophoresis
deposition,11,12 screen printing processes,13 self-assembly,14

and chemically anchored deposition15 have also been ex-
plored, in which carbon nanotubes are patterned onto sub-
strates after the growth and purification processes. However,
these methods either only offer low feature resolutions or
have limitations of substrate restriction, requirement of sub-
strate modification, use of electrical field gradients, or te-
dious thickness control processes.

In this letter we present a simple yet versatile subtractive
patterning technique, in which uniform thin nanotube films
of desired thickness were formed by vacuum filtration. Then
it was transferred to a substrate, followed by photolithogra-
phy to define features. O2 plasma etching was subsequently
employed to selectively remove the exposed carbon nano-
tubes forming patterns. This method offer several advantages
compared to other patterning techniques: �1� the uniformity
and reproducibility of CNF �Ref. 8� within the patterns; �2�
low processing temperatures compatible with polymeric sub-
strates; �3� high feature resolutions even smaller than nano-
tube length due to the ability of plasma to etch the nanotubes
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precisely; �4� sharp pattern edges; and �5� compatibility with
MEMS fabrication technologies. As one of the applications
of this patterning technique, a CNF/SU8 micro-
optomechanical system �MOMS� was demonstrated, which
showed elastic light induced actuation.

Commercially obtained single wall carbon nanotubes
were dispersed in isopropyl alcohol to �0.1 mg/ml by ultra-
sonication and was vacuum filtered through mixed cellulose
ester �MCE� filter to produce CNFs. A simple procedure de-
scribed by Zhang et al. was employed to transfer CNF onto
silicon substrate,8 as shown in Fig. 1, sequences �a� to �c�.
Briefly, the wet CNF still on top of MCE filter was located
onto silicon substrate by compressive loading. Upon CNF
drying and subsequent annealing on 75 °C hot plate for
20 min, CNF sticks onto the substrate with enough adhesion
strength for further processing. Then the MCE filter was dis-
solved in multibaths of acetone, leaving clean uniform
wrinkleless CNF on the substrate after drying. Figure 2�a�
shows a uniform CNF of �1 cm�1 cm�230 nm3 trans-
ferred onto a silicon wafer. The thicknesses of CNF was well
controlled by the amount of carbon nanotube solution of
known concentration during vacuum filtration. Several CNFs
of thickness �40, 130, 230, 460, and 780 nm were fabri-
cated with high film uniformity offered by vacuum filtration
process.8 As the film thickness was smaller than 230 nm, the

FIG. 1. The sequence of CNF transferring to substrate and subsequent pat-
terning by plasma etching. �a� CNF on MCE filter after vacuum filtration;
�b� CNF with MCE filter being transferred onto silicon substrate; �c� MCE
filter dissolved; �d� spin coating photoresist; �e� photolithography; �f� O2

plasma etching of CNF; �g� masking photoresist removed; and �h� in the
case of CNF/SU8 actuator, XeF2 etching was used to release the actuator

structure.
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CNF showed a high degree of transparency visible to naked
eyes.

Photolithography was then employed to define CNF pat-
terns on the substrate. Several commercial photoresists of
both positive and negative tones, including AZ5214E, NR7-
1500, AZ4620, and SU8, have been tested and all formed
excellent features on top of CNF. This indicates that ran-
domly oriented nanotubes packed into thin films hardly af-
fect the lithographic process. The excellent compatibility of
CNF with photolithography offered the opportunity of defin-
ing precise and high resolution features onto CNF through
lithography, with virtually only one requirement being the
photoresist thickness. Since O2 plasma attack photoresists,
the etch mask out of photoresist needs to be thick enough to
sustain continuous O2 plasma etching. For CNF with thick-
ness smaller than 460 nm, �1.5 �m photoresist �AZ5214E�
was used as the etch mask. Commercial thick film photore-
sists such as AZ4620 was also used to pattern thick etch
masks up to tens of microns for etching thicker CNFs. Se-
quences �d� and �e� in Fig. 1 illustrated the photolithography
processes.

O2 plasma has been widely used to remove carbon based
organic materials such as photoresists from substrate sur-
faces. It forms volatile CO, CO2, and H2O which can be
pumped out from the system during plasma etching.16 How-
ever, the O2 plasma etching of carbon nanotubes to define
prepatterned films has not been reported until now. By em-
ploying a similar idea, we used O2 plasma in inductively
coupled plasma �ICP� system to etch the carbon nanotubes in
order to form CNF patterns. Surprisingly, at ICP
power�200 W, bias power�100 W, and O2 flow rate
�50 SCCM �standard cubic centimeter per minute�, an etch
rate of CNF at �4 nm/s was achieved, showing the fast
etching of carbon nanotubes in strong O2 plasma. Carbon
nanotubes are well known for their chemical resistance and
high stability.17 However, structural defects are often present
in real carbon nanotube samples, especially after purification
and ultrasonic dispersion steps.18 At the same time, defects
could also form on carbon nanotubes under bombardments

19

FIG. 2. �a� A semitransparent CNF of �130 nm covered on silicon wafer;
�b� scanning electron microscopy �SEM� image of CNF lines �4 �m in
width fabricated by oxygen plasma etching; �c� higher magnification image
of patterns in �b�; and �d� clear patterns of �1.5 �m CNF lines with �2 �m
spacing. Insert: Sharp pattern edge formed by nanotube cutting in O2

plasma. Scale bars: �a� 2 mm, ��b� and �c�� 10 �m, �d� 1 �m, and insert in
�d�, 500 nm.
of high energy species in plasma ambient. It is possible that
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the oxygen plasma reacts with the carbon nanotubes starting
from these defects, consuming the whole nanotubes gradu-
ally. After etching, mild acetone rinsing served to dissolve
the etch mask to leave clean CNF patterns. The etching pro-
cess and subsequent etch-mask removal was schematically
shown in Figs. 1�f� and 1�g�. Well defined CNF stripe lines
of �4 �m in width and 130 nm in thickness were fabricated
with all the unwanted CNF removed, as shown in Figs. 2�b�
and 2�c�. The clear patterns showed the effectiveness of CNF
patterning through O2 plasma etching. In Fig. 2�d�, CNF
lines as small as �1.5 �m were also routinely produced on
130 nm thick CNF, with well defined shapes and sharp fea-
ture edges. Moreover, we believe that higher resolution pat-
terns with feature sizes even smaller than nanotube lengths
are still possible to achieve because of the ability of O2
plasma to “cut” exposed carbon nanotubes to leave sharp
pattern edges, as witnessed in the insert of Fig. 2�d�. Electron
beam lithography can reduce the size of CNF patterns, po-
tentially achieving feature size in the sub-100-nm regime for
nanotube devices. The reason for such excellent pattern
transfer may also be due to the lack of stresses in the nano-
tube films after vacuum filtration, which is important in most
surface microfabrication technologies.

The excellent processibility of CNF offered by O2
plasma etching could lead to many potential applications. As
one example, nanotube based MOMS actuators were fabri-
cated to realize optical actuation. SU8 photoresist, which has
excellent mechanical properties, large thermal expansion co-
efficient, and biocompatibility, was used in lithography to
define the CNF features and act as etch mask in plasma
etching.20,21 A CNF/SU8 composite structure was produced
after etching, which was released from the silicon substrate
by isotropic silicon etching in a homemade pulse mode XeF2

21

FIG. 3. �a� SEM image of released CNF/SU8 actuators. Insert: SEM image
of a 3�3�3 actuator arrays. �b� SEM image of the squared region in �a�
showing the bilayer cross section of the actuator.
dry etching system, as illustrated in Fig. 1, sequence �h�. A
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blind cut of the substrate after actuator release also helped to
get a better view of actuation from this cantilever actuator.
Arrays of actuators were shown in the insert of Fig. 3�a�. The
magnified image of �30 �m �width��300 �m �length�
�7 �m �thickness� cantilevers after releasing were also
shown in Fig. 3�a�. Figure 3�b� showed the cross-sectional
area of the cantilever, with the SU8 and CNF layers clearly
observed. This indicates that high quality CNF layer can be
formed from plasma etching and can be introduced into mi-
crodevices to exhibit multiple functionalities. When 808 nm
laser light collimated into �0.5�2 mm2 spot was pointed to
the cantilever, it actuated with bending toward the side of
CNF. Figure 4 showed the cantilever bending as a function
of laser power. A nearly linear response was shown with a
maximum displacement of �23 �m under 170 mW illumi-
nation in air. The insert in Fig. 4 clearly showed the bending
of actuator under light exposure. The performance of this
MOMS actuator was comparable with that of electrically ac-
tuated SU8 actuators.20,21 The actuation arises due to the
physical interlinks between elastic, electrostatic, optical, and
thermal effects in nanotubes.22 Most MEMS based electro-
static actuators require large voltage for actuation. This
MOMS actuator exhibited eye observable actuation up to
15 Hz. We believe that further refining of device structure
and physical properties of nanotubes can greatly improve its
actuation performance and also impart wavelength selectiv-
ity to these actuators.

In conclusion, well defined high resolution CNF patterns
were achieved by the combination of nanotube film forma-
tion, transferring, photolithography, and O2 plasma etching

FIG. 4. The displacement of the CNF/SU8 actuator as a function of the laser
intensity. Insert: Cross-sectional view of actuation under laser light stimulus.
Straight lines were drawn for eye guidance.
processes. This process offers high resolution of CNF pat-
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terns and excellent reproducibility compared to conventional
methods. A CNF/SU8 MOMS actuator, was realized through
this technique. This technique can find wide variety of appli-
cations in MEMS, field emission displays, optical actuators,
and biomedical nanotechnology for devices to study protein
interactions.
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