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bstract

The two-dimensional (2D) microstructures and three-dimensional (3D) cantilever arrays based on single-walled carbon nanotube (SWNT)
ultilayer were fabricated by combining electrostatic layer-by-layer (LbL) nano self-assembly, microlithography, and lift-off. The combinative

echnique provides a simple, effective, low-cost, and low-temperature fabrication method with a short processing time. The 2D SWNT micropatterns
ith a feature size of 5 �m were fabricated and characterized. The thickness of a (PDDA/SWNT) bi-layer was measured approximately as 76 Å.
WNTs were randomly deposited on the substrate, and they were interconnected and formed as a dense network. To investigate the potential
pplications of SWNTs, magnetic cantilever arrays formed with SWNTs, iron oxide (Fe2O3) nanoparticles, and polyelectrolytes were developed.
modified lift-off process was developed to provide additional protection for the cantilever arrays. Due to the outstanding mechanical properties
f the SWNTs, the fabricated cantilevers are very strong and highly flexible. The cantilever arrays can be used in applications such as biosensors
nd microvalves.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Since the discovery in 1991, carbon nanotubes (CNTs) have
een investigated extensively due to their unique structural, elec-
rical, chemical, and mechanical properties [1]. CNTs can be
een as nanoscale cylinders rolled up by graphene sheets. The
onding structure between carbon atoms of CNTs is sp2 bond,
hich is stronger than the sp3 bond found in diamond. Therefore,
NTs have outstanding mechanical strength with an estimated
oung’s modulus greater than 1 TPa [2]. Depending on the
iameter and chirality, CNTs can be either metallic or semicon-
ucting [3]. Both types of CNTs can serve as key components
or nanoscale devices. In their natural forms, CNTs are highly
ensitive to molecules such as NO2 and NH3 [4]. With ratio-
al chemical and/or physical modification, CNTs are capable of

etecting many types of molecules (e.g., H2, CO, glucose, and
NA) [5]. Ever since their discovery, CNTs have been explored

nd used in a wide range of applications including chemical
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ensors, biosensors, stress/strain sensors, scanning probes, field
mission displays, nanoelectromechanical systems (NEMS),
nd nanoelectronic devices [6–10]. However, currently most
NT-based devices are still far from commercialization. One
f the biggest problems for producing practical CNT devices is
ow to precisely deposit CNTs on the substrate. The controllable
eposition of CNTs, either individually or as a bulk material, is
n essential step to build practical devices.

Current controllable deposition approaches include chem-
cal vapor deposition (CVD), selective electrophoresis depo-
ition, Langmuir–Blodgett method, and manipulation using
tomic force microscope tips [11,12]. However, these tech-
iques require long deposition time, complicated procedures,
nd expensive instruments. One recent experiment incorporated
irect deposition of organic molecules by dip-pen nanolithog-
aphy and large-scale assembly of (CNTs) [13]. A number of
onolayer microstructures were fabricated on a gold surface
ith this method. However, this technique can only be used

n substrates with a layer of Au, and can only be used to
eposit a monolayer. To overcome these limitations, electro-
tatic layer-by-layer (LbL) nano self-assembly was introduced to
roduce multilayer films in micro- and nanoscale. LbL nano self-

mailto:tcui@me.umn.edu
dx.doi.org/10.1016/j.sna.2006.10.006
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Fig. 1. Scheme of layer-by-layer nano self-assembly of polycation/SWNTs and
polycation/Fe2O3 nanoparticles. The oppositely charged species are bonded
together based on electrostatic forces. The repeating of the assembly process
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ssembly is an effective and economic approach to build well-
rganized multilayers in nanometer scale. LbL self-assembled
hin films can be deposited on the surface of almost any materials
ith any topography [14]. With this technique, CNT thin films
ave been fabricated and investigated by several groups. Com-
ared with other CNT/polymer matrices, LbL self-assembled
NT thin films show enhanced mechanical properties. These
lms have Young’s modulus of 17–35 GPa [15]. In addition, the

hin films fabricated with LbL self-assembly usually retain the
lectrochemical catalytic activities of the CNTs [16].

In this paper, we report a simple, effective, and versatile
echnique to fabricate the two- and three-dimensional (2D and
D) microstructures based on single-walled carbon nanotube
SWNT) multilayer. This technique combines the “bottom–up”
bL nano assembly and the “top–down” microlithography tech-
ique. It provides a simple, low-cost, and low-temperature
abrication method with a short processing time. The SWNT
ultilayer films and 2D micropatterns were built with alternat-

ng layers of poly(dimethyldiallylammonium chloride) (PDDA)
nd SWNTs. The randomly assembled SWNTs were inter-
onnected and formed a dense network on the substrate. The
ssembled multilayer film was characterized. The enhanced
echanical properties of SWNT thin films can be utilized in
variety of applications. To investigate the potential applica-

ions of SWNT thin films, magnetic cantilever arrays composed
f PDDA, SWNTs, and iron oxide (Fe2O3) nanoparticles were
abricated. Multi-step ultraviolet (UV) lithography and pho-
oresist development were combined with LbL self-assembly
o produce the 3D cantilever arrays. A modified lift-off tech-
ique was used to provide additional protection for the cantilever
rrays.

. Self-assembly and material preparation

Among all types of nanofabrication techniques, LbL nano
elf-assembly has attracted much attention due to its versatil-
ty and simplicity. It can overcome the size limitation of the
urrent “top–down” lithography-based microfabrication tech-
iques. Ultrathin films can be built through alternate adsorption
f oppositely charged species such as polyelectrolytes, nanopar-
icles, SWNTs, and proteins [17]. The species are held together
y strong ionic bonds, and form uniform and stable thin films.
he scheme of LbL self-assembly of polyelectrolytes, SWNTs,
nd Fe2O3 nanoparticles is illustrated in Fig. 1. By repeating the
dsorption steps, a multilayer with precisely controlled thick-
ess can be obtained. With a proper (positive–negative–positive)
lternation, the SWNTs and Fe2O3 nanoparticles can be assem-
led in any order.

The polyelectrolytes, including PDDA (polycation, molecu-
ar weight MW 200,000–350,000, 15 mg/ml) and poly(sodium
-styrenesulfonate) (PSS, polyanion, MW 70,000, 3 mg/ml)
ere obtained from Sigma–Aldrich. In order to increase the ionic

trength and enhance the adsorption of the polyions, 0.5 M NaCl

as added to both polyelectrolyte solutions. Magnetic iron
xide nanoparticles (Fe2O3, 50 nm in diameter, surface covered
ith hydrophilic PSS, concentration: 2 mg/ml) were obtained

rom Chemicell GmbH. The Fe2O3 nanoparticles are negatively

t
5
S
w

an form uniform and stable thin films.

harged due to the surface coverage of PSS. All materials were
iluted in deionized (DI) water. Pristine SWNTs (powder, 1.1 nm
n diameter, 50 �m in length, density of 2.1 g/cm3, purity > 90%)
ere purchased from Chengdu Organic Chemicals Co. Ltd.
Due to their exceptional mechanical properties, SWNTs can

e used to mix with other polymers to produce strong mechani-
al composites. However, it is well known that pristine SWNTs
uffer from poor solubility in most solvents. The hybrid poly-
er/SWNT composites made by mixing often have problems

uch as poor polymer-SWNT connectivity, phase segregation,
nd structural inhomogeneities [15]. LbL self-assembly is a
ood approach to overcome these problems because it is a
olution-based technique. SWNTs with rational treatment can be
ispersed in DI water, and uniformly deposited on the substrate.
ighly homogenous polymer/SWNT thin films with enhanced
echanical properties can be fabricated. In order to increase

he solubility and processability of SWNTs, defects such as
erminal groups can be intentionally introduced to their side-
alls and open ends [18]. The chemical oxidation method is

hosen to process the pristine SWNTs. The SWNTs were chem-
cally functionalized by a mixture of nitric and sulfuric acid (1:3
NO3:H2SO4) at 110 ◦C for 45 min. The mixture of acids cut

he SWNTs into short tubes with openings at both ends. Car-
oxylic ( COOH) functional groups were covalently attached
o the open ends and sidewalls. Next, the SWNT dispersion was
iluted with DI water and filtered with a PVDF membrane (with
pore diameter of 0.22 �m) which has excellent acid resistance.
he SWNTs were then rinsed with DI water to remove the resid-
al acids. The treated SWNTs were dispersed in DI water and
ltrasonically vibrated for 1 h. The final step was to remove

he excessive SWNTs by centrifuging the SWNT dispersion at
000 rpm for 15 min. After the chemical funcationalization, the
WNTs were negatively charged and uniformly dispersed in DI
ater with a concentration of 1 mg/ml.
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Fig. 3. (a) SEM image of (PDDA/SWNT) micro-springs with linewidth of
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ig. 2. Fabrication process of the SWNT micropatterns by (a) spin coating, (b)
ithography, (c) LbL nano self-assembly, and (d) lift-off.

. Experiments

.1. Two-dimensional SWNT micropatterns

We reported a lithographic technique to pattern nanoparticle-
ased thin films previously [19,20]. Complex and distinct struc-
ures of the multilayer films were produced with a combinative
echnique, including LbL self-assembly, lithography, and lift-
ff. The same approach can be used to pattern SWNT thin films.
e have successfully fabricated microscale patterns on both

ilicon and polymer substrates with this approach. The pro-
ess and the generated 2D structures are almost identical for
oth substrates. In this paper, we focus on the fabrication and
icropatterns on silicon substrates.
The fabrication process to produce 2D SWNT micropatterns

s shown in Fig. 2. First, a layer of positive photoresist (PR1813,
.5 �m thick) is spin coated on a 4-in. silicon wafer (Fig. 2a).
econd, the wafer is exposed under UV light to transfer the
atterns from the chrome photomask to the photoresist. After
xposure, the photoresist is developed with MF351 developer
or 30 s (Fig. 2b). Third, the SWNT multilayer is deposited
n the substrate with LbL self-assembly (Fig. 2c). The sub-
trate is soaked in different solutions, and the sequence of
he immersion is: [PDDA (10 min) + PSS (10 min)]2 + [PDDA
10 min) + SWNTs (15 min)]n, where n represents the num-
er of (PDDA/SWNT) bi-layers. The coating of the first two
PDDA/PSS) bi-layers works as the precursor layer. It increases
he charge strength of the silicon substrate, and prepares a
mooth base for the subsequent coating. Intermediate rinsing
ith DI water and drying with a nitrogen flow are required to

emove the excessive polyelectrolytes and SWNTs. The final
tep is to dissolve the photoresist and remove the SWNT mul-
ilayer with lift-off technique (Fig. 2d). The substrate is soaked
n acetone for 1 min with the assistance of ultrasonic vibration.

he self-assembled SWNT multilayer is permeable for acetone.
cetone molecules can penetrate through the SWNT thin film,
issolve the photoresist, and strip off the SWNT multilayer
rom those areas. Only the SWNT multilayer directly assem-

t
l
t
s

6

�m. (b) Close SEM inspection of assembled SWNTs on the substrate.

led on the substrate remains. The fabricated SWNT micropat-
erns were inspected by scanning electron microscopy (SEM,
EOL 6500). Fig. 3 shows the SEM images of micro-springs
ith a linewidth of 5 �m (Fig. 3a) and assembled SWNTs
n the substrate (Fig. 3b). The samples used for microscopy
nspection are (PDDA/SWNT)6 micropatterns. The SWNT mul-
ilayer thin film is formed by a dense network of SWNTs. The
WNTs are randomly deposited on the surface. The length
f the SWNTs is in the range of 1–2 �m after the chemi-
al treatment. However, as shown in the figure, the diame-
ers of most SWNTs are much larger than pristine SWNTs
1.1 nm). The reason for this discrepancy is that during the self-
ssembly process, several SWNTs are wrapped together due
o their extremely high aspect ratios. Therefore, the assem-
led SWNTs are mainly in the form of nanotube bundles,
hich are approximately 5–10 nm in diameter and 1–2 �m in

ength.
In the assembly process, the SWNTs are coated on the sub-

trate in a repeated fashion. The multilayer can be considered as
everal accumulated (PDDA/SWNT) bi-layers. To estimate the
hickness of the SWNT multilayer, a group of micro-lines (with

inewidth of 50 �m) was fabricated on a silicon substrate using
he method described above. The micro-lines are composed of
ix (PDDA/SWNT) bi-layers. They were characterized both
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cantilever array is illustrated in Fig. 5. Both the roots and the
beams are composed of SWNT multilayer. Fe2O3 nanoparticles
are integrated in the multilayer as magnetically sensitive mate-
W. Xue, T. Cui / Sensors and

echanically and optically. Surface profiler (Dektak, Model
IA) was used to mechanically measure the vertical profile of
he SWNT lines. The average thickness of the (PDDA/SWNT)6
tructure was measured approximately as 400 Å. The surface
rofiler obtains its measurement data by moving a diamond
ip stylus over the patterns during the scan. It usually gives
elatively accurate results on hard substrates. However, when
sed on soft thin films, the scanning is destructive and may
ive inaccurate results (often smaller than the actual values).
n order to verify the results from the surface profiler mea-
urement, an ellipsometer (Gaertner Scientific Co.) was used
o optically detect the thin film thickness. Ellipsometer pro-
ides a non-destructive method and gives more accurate results
nce the rough thickness of the film is known. The measured
hickness of the (PDDA/SWNT)6 multilayer from the ellip-
ometer measurement was 455.4 ± 5% Å. Therefore, the aver-
ge thickness of a (PDDA/SWNT) bi-layer is approximately
5.9 Å.

Quartz crystal microbalance (QCM, Maxtek RQCM) was
sed to monitor the growth of the SWNT multilayer. The quartz
rystal resonator (AT cut, 9 MHz resonant frequency, 1 in. in
iameter) used in the measurement was covered with Au elec-
rodes on both sides. The QCM equipment is an extremely
ensitive microbalance capable of detecting mass changes in
g/cm2 range. It also provides a real-time measurement of quartz
rystal frequency and frequency shift. Therefore, the saturation
ime for adsorbing polyelectrolytes, SWNTs, and nanoparticles
an be estimated. During the adsorption, the crystal was held
ertically in the solutions to avoid excessive coating of materi-
ls. The crystal was immersed in PDDA and SWNT solutions
or given periods of time. The real-time frequency shift of the
rystal was recorded by the QCM. The mass change �M (g)
nd the frequency shift �f(Hz) can be expressed by Sauerbrey
quation [21]:

f = −Cf × �m = −Cf × �M

A
(1)

= − �f

ρ · Cf
(2)

here Cf = 1.81 × 108 (Hz cm2/ng) is the sensitivity factor of the
MHz AT cut crystal, �m (g/cm2) is the change in mass per unit
rea, A = 0.34 cm2 is the active oscillation region of the crystal
hich is limited to the overlapping area of the front and rear Au

lectrodes, d is the layer thickness, and ρ is the density of the
eposited material, ρpdda = 1.2 g/cm3 and ρSWNT = 2.1 g/cm3.

Fig. 4 shows the growth of a (PDDA/SWNT)6 multilayer
onitored with QCM. The left y-axis shows the frequency shift
f recorded by QCM and the right y-axis illustrates the calcu-

ated layer thickness. The average frequency changes of PDDA

nd SWNTs are −61.1 and −182.5 Hz, respectively. Based on
q. (2), the average layer thicknesses calculated for PDDA and
WNT are dPDDA = 2.8 nm and dSWNT = 4.8 nm, respectively.
herefore, the thickness of a (PDDA/SWNT) bi-layer is approx-

mately 7.6 nm, which is very close to the value obtained with
llipsometer.

F
T
(

Fig. 4. Growth of a (PDDA/SWNT)6 multilayer monitored with QCM.

.2. Three-dimensional SWNT magnetic cantilever arrays

One of the most important advantages of SWNTs is their high
echanical strength. The SWNTs are capable of increasing the
echanical strength of other materials when SWNTs are incor-

orated. The mechanical properties of the LbL self-assembled
WNT thin film were studied and reported. The Young’s mod-
lus of the SWNT film was measured as 17–35 GPa, and the
ltimate tensile strength was measured as 180–325 MPa [15].
ompared with strong polymers, which are commonly used

or MEMS devices such as polymethyl methacrylate (PMMA,
oung’s modulus: 2 GPa, ultimate tensile strength: 50 MPa),
WNT thin films are several times stronger. SWNT films also
ave enough flexibility due to its composite essence. With
roper adjustments, the SWNT films may achieve a wide range
f mechanical properties between silicon and polymers. The
WNT thin films can serve as structural components in MEMS
evices to provide both flexibility and strength. In addition, the
bottom–up” LbL self-assembly technique has the ability to con-
rol the film thickness in nanometer scale. Therefore, the SWNT
lms can provide structural platforms with highly adjustable
echanical properties, and have the potential to be used in a

ariety of applications.
To investigate the potential applications of SWNT multi-

ayer thin films, 3D SWNT-based magnetic cantilever arrays
omposed of PDDA, SWNTs, and Fe2O3 nanoparticles were
esigned and fabricated. The schematic diagram of the SWNT
ig. 5. Scheme diagram of the cantilever array fabricated on silicon substrate.
he enlarged area illustrates the multilayer which consists of PDDA (+), PSS
−), Fe2O3 nanoparticles (−), and SWNTs (−).
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where d is layer thickness from Eq. (2), ds is the diameter of
the nanoparticle, and re is the effective surface coverage. Fig. 7
shows the growth of a (PDDA/Fe2O3)4 multilayer monitored
with QCM. The average frequency shift of the Fe2O3 nanopar-
14 W. Xue, T. Cui / Sensors and

ial, which makes the actuation and measurement convenient.
he cantilever array can be used in detecting biomolecules such
s proteins, enzymes, and DNAs. A number of biomolecules are
aturally charged, and can be assembled in alternation with poly-
lectrolytes based on LbL self-assembly technique. Because the
antilevers are self-assembled multilayer thin films, the surfaces
f the cantilevers are charged. The biomolecules can be readily
dsorbed onto the cantilevers. The resonant frequency shift
aused by the mass increase of the cantilever can be detected
y an optical interferometer. Another possible application is to
se the cantilever beams as magnetically driven microvalves.

Surface coverage is a factor frequently used to describe the
elf-assembly of spherical nanoparticles. It is defined as the ratio
f the estimated layer thickness and the diameter of the nanopar-
icle. If the substrate is totally covered by the nanoparticles, as
hown in Fig. 6a, the surface coverage is 100%. The scheme
hown in Fig. 6b has a surface coverage of 50%. However, it is
ifficult to obtain the accurate surface coverage by visual inspec-
ion of the assembled nanoparticle multilayers. QCM provides a

ore accurate method to estimate the surface coverage by mea-
uring the mass increase of the crystal. Research shows that the
elf-assembled nanoparticles are hexagonally packed (Fig. 6c).
he volume ratio of the nanoparticles in the assembled multi-

ayer is approximately 60% [22]. The other 40% are air-filled
ores, which are excluded from the QCM thickness calculation.
herefore, the surface coverage r of the spherical nanoparticles
an be expressed as:
= d/60%

ds
= 1

60%
· d

ds
= 1

60%
· re (3)

ig. 6. Schematic representation of self-assembled nanoparticles: (a) side view
f close-packed nanoparticles, (b) side-view of sparse-packed nanoparticles, and
c) top-view of hexagonal close-packed nanoparticles.

F
l

Fig. 7. Growth of a (PDDA/Fe2O3)4 multilayer monitored with QCM.
ig. 8. (a–h) Fabrication process of the self-assembled cantilever with modified
ift-off technique.
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icle adsorption is approximately −1273.4 Hz. Based on Eq.
2), the average thickness of the Fe2O3 nanoparticle layer is
3.4 nm. The effective surface coverage of the nanoparticles is
stimated as re = d/ds = 13.4 nm/50 nm = 26.8%. Therefore, the
urface coverage r can be calculated as 44.7% from Eq. (3). The
elatively low surface coverage can be increased by using Fe2O3
uspensions with higher concentrations.

The fabrication of 3D cantilever arrays is based on the
D patterning technique. The process includes several UV
ithography and photoresist development steps. A modified
ift-off technique is used to provide addition protection for the
antilevers [23]. The fabrication process of the 3D cantilever is
hown in Fig. 8. The figure only shows the fabrication of one
antilever for simplicity and clarity, the array can be produced
ith the same process. A layer of photoresist PR1813 is spin

oated on the substrate (Fig. 8a). The first UV lithography
nd development are used to open a window for the cantilever
oot (Fig. 8b). The second UV lithography is executed with
art of the PR1813 layer protected. The protected PR1813 is
sed as the sacrificial layer underneath the cantilever beam
Fig. 8c). The PDDA/PSS/SWNT/Fe2O3 multilayer is self-
ssembled on the substrate (Fig. 8d). The immersion sequence is
PDDA (10 min) + PSS (10 min)]2 + {PDDA (10 min) + Fe2O3

15 min) + [PDDA (10 min) + SWNTs (15 min)]2 + PDDA
10 min) + Fe2O3 (15 min) + PDDA (10 min) + SWNTs
15 min)}3. Nine layers of SWNTs are used to strengthen

l
i
f

ig. 9. Images of the LbL self-assembled cantilever array. (a) Optical image of the
espectively. (b) SEM inspection of the edge of the cantilever. (c) SEM image of the
tors A 136 (2007) 510–517 515

he cantilever structure. Six layers of Fe2O3 nanoparticles make
he cantilever magnetically sensitive. Another layer of PR1813
s spin coated on the substrate and covers the assembled

ultilayer (Fig. 8e). The third lithography is executed. The
art of the photoresist that covers the cantilever root and
eam is protected by photomask, while the other part of the
hotoresist is exposed under UV light (Fig. 8f). The exposed
R1813 is dissolved with MF351 developer. In order to remove

he multilayer coated on the exposed PR1813, this step is
mplemented with ultrasonic vibration (Fig. 8g). As a result, the
nexposed PR1813 layers and the cantilever in between remain
n the substrate. The freestanding cantilever beam is released
y stripping off the PR1813, the bottom sacrificial layer and the
op protection layer, with acetone (Fig. 8h). Based on the QCM

easurement, the effective thickness of the whole multilayer
an be calculated approximately as 200 nm.

The modified lift-off process is illustrated in Fig. 8e–g. Com-
ared with the standard lift-off technique, it has a top photoresist
ayer in addition to the bottom sacrificial layer. Moreover, the
tripper used in the modified process is photoresist developer
nstead of commonly used acetone. The micropatterns fabricated
ith standard lift-off processes usually have step profiles. The

tripper molecules can easily attack the underlying photoresist

ayer and remove the unwanted top layer. However, as shown
n Fig. 8d, the self-assembled multilayer covers the whole sur-
ace of the device, and is almost at the same height. To form the

cantilever array. The length and the width of the beams are 200 and 50 �m,
assembled Fe2O3 nanoparticles.
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16 W. Xue, T. Cui / Sensors and

antilever structure, ultrasonic vibration is required to break the
ultilayer. With the standard lift-off, it takes 8–10 min for ultra-

onic vibration to break the multilayer and remove the unwanted
art of the thin film due to its high mechanical strength. The
ong-time ultrasonic bath severely weakens and damages the
antilever structure, especially the joint between the root and the
eam. The weakening of the structure may cause detachment of
he beam from the root. The modified technique involves a “sand-
ich” structure, which provides additional protection for the

antilever. Based on the modified lift-off process, the ultrasonic
ath time can be greatly reduced to 2 min. Both the cantilever
oot and beam are well protected by the top photoresist layer.

Cantilever arrays with different dimensions were fabricated
ith the combinative technique described above. The images
f the fabricated cantilever array are shown in Fig. 9. Fig. 9a
hows an optical image of a cantilever consists of five beams.
he length and width of these beams are 200 and 50 �m,

espectively. Fig. 9b shows a close SEM inspection of the
dge of the beam and Fig. 9c shows the assembled Fe2O3

anoparticles on the surface of the cantilever. The sparsely
eposited Fe2O3 nanoparticles can be seen from the images.
o strip off the top protecting and the bottom sacrificial pho-

oresist layers, the device is submerged in acetone. An external

ig. 10. Flexed cantilever in acetone with an external magnetic field. Four optical
mages illustrate the deflection of a cantilever at four different angles: (a) 0◦, (b)
5◦, (c) 90◦, and (d) 135◦.
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agnetic field is applied by holding a permanent magnet (with
magnetic field strength of 0.02 T) at 1 cm above the device.
he magnetic field strength applied on the cantilever array is
pproximately 0.005 T. Fig. 10 illustrates the cantilever beam
ehavior during the magnetic actuation. The cantilever beam is
radually deflected from 0◦ to about 135◦. The beam restores
apidly after moving the magnetic away from the device. There
s no observable structural failure or damage after repeated
eflections (more than 100 times). The SWNT multilayer is
roven to be very flexible and strong, which are preferred
roperties of cantilever-based biosensors. However, the internal
tress inside the SWNT multilayer is not neglectable. In a
umber of cases, the free ends of the cantilever beams are curled
n the acetone solution. This may cause measurement problems
f optical interferometry method is used. Further studies will
e conducted to solve the problem. Possible solutions include
ncreasing the multilayer thickness, trimming the corners of the
eams, increasing the number of SWNT layers, etc.

. Conclusion

We have presented an effective, simple, low-cost, and low-
emperature approach to fabricate SWNT multilayer thin films,
D micropatterns, and 3D cantilever arrays by combining LbL
ano self-assembly and microlithography. SWNT micropatterns
ith a feature of 5 �m have been produced. It is believed

hat the patterned feature size can be downscaled to submi-
ron or even nanoscale if high-resolution lithography techniques
uch as electron-beam lithography are used. The thickness of a
PDDA/SWNT) bi-layer is approximately 76 Å. Magnetic can-
ilever arrays composed of polyions/SWNTs/Fe2O3 nanoparti-
les have been fabricated based on self-assembled multilayer
hin films. A modified lift-off process has been developed to
rovide additional protection for the cantilever structures. The
trength and thickness of the cantilevers can be adjusted in a
ide range. The cantilevers are very flexible and highly strong;

hey can be easily deflected to over 90◦. The fabricated cantilever
rrays can be used as magnetically driven microactuators. They
an also be used in biosensing applications such as biomolecule
dsorption and detection because a number of biomolecules can
e easily adsorbed on the self-assembled multilayer.
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