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Toward Carbon Nanotube-Based AFM Cantilevers

Jianhua Tong, Member, IEEE, and Yu Sun, Senior Member, IEEE

Abstract—The mechanical properties of carbon nanotubes have
been widely employed to enhance the performance of atomic force
microscopy (AFM) cantilever tips. Utilizing the electromechanical
properties of carbon nanotubes, this paper investigates the poten-
tial of using carbon nanotubes as active strain sensing elements on
AFM cantilevers. A batch microfabrication process was developed
to construct silicon microcantilevers. Multiwalled carbon nano-
tubes were dielectrophoretically assembled between electrodes.
Based on the characterization results of 12 devices, the CNT-based
cantilevers demonstrated a linear relationship between resistance
changes and externally applied strain. The gauge factor ranged
from 78.84 to 134.40 for four different device configurations.

Index Terms—Atomic force microscopy, cantilevers, carbon
nanotubes, MEMS/NEMS (micro/nanoelectromechanical
systems).

I. INTRODUCTION

TOMIC force microscopy (AFM) has been widely applied

to investigating surface topographies at the nano scale and
imaging/manipulating living biological molecules and cells in
their native environments [1], [2]. Besides a piezoelectric mo-
tion stage, AFM employs a microelectromechanical systems
(MEMS) based cantilever with a sharp tip at its end that is used
to scan a specimen surface. The deflection of the cantilever is
typically sensed by a laser—photodiode optical system.

As the imaging resolution of an AFM depends on the sharp-
ness of the cantilever tip, efforts have been spent on developing
micronanofabrication processes to improve tip sharpness.
However, existing micronanofabricated cantilever tips are still
limited to tens of nanometers. Although the laser detection
system provides a high sensitivity for detecting cantilever
deflections, the relatively bulky size makes system integration
difficult and restricts its use from applications in which strin-
gent space constraints are a concern [e.g., inside the chamber
of a scanning/transmission electron microscope (SEM/TEM)].
Furthermore, when used in aqueous environments where bi-
ological materials survive, the reflection and refraction of the
transmitted light must be cautiously corrected to minimize
the inaccuracy of molecular or cellular force measurements.
In summary, it is desired to increase the cantilever tip sharp-
ness down to a few nanometers and replace the external laser
detection system with an integrated, electronic “self-sensing”
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Fig. 1. A 3-D solid model of CNT-based AFM cantilever. (a) CNT-enhanced
sharp tip. (b) CNT-based strain sensor for deflection detection.

mechanism. On these fronts, carbon nanotubes (CNTs) are
capable of providing solutions to both issues.

CNTs exhibit remarkable mechanical properties irrespective
of their chirality, including high aspect ratios, great ten-
sile strength, and high resilience [3]. Mechanical properties
differ significantly between single-walled carbon nanotubes
(SWNTs) and multiwalled carbon nanotubes (MWNTSs). The
radial Young’s modulus of MWNTSs was found to strongly de-
crease with increasing radius [4]. External radii of about 2 nm
show a Young’s modulus of 400 &+ 200 GPa, dropping off to a
value an order of magnitude lower at 30 £+ 10 GPa for external
radii 4 nm or greater. This demonstrates the importance for
CNT-based mechanical sensors to use a homogeneous set of
CNTs, both of type (SWNT versus MWNT) and of radius, as
mechanical properties change dramatically as these variables
are altered.

Through either direct in situ growth [5], [6] or postgrowth
assembly [7], [8], it has been demonstrated that an individual
CNT or a small bundle of CNTs can be attached to a sharp
AFM cantilever tip [Fig. 1(a)]. Due to their nanometer size and
remarkable mechanical properties of CNTs, the CNT scanning
tips significantly increase the probing depth and imaging resolu-
tion (e.g., capable of scanning vertical sidewalls up to 87° [9]).

Due to the potential integration of CNTs in nanoelectrome-
chanical systems (NEMS) based sensors, the effect of mechan-
ical deformation on the electrical properties of CNTs has been
of keen interest. Several experimental studies have been con-
ducted, in which an AFM tip was used to locally bend a sus-
pended SWNT [10], [11] or tensile stretching individual SWNT
[12] and conductance changes monitored. Depending on the
specific nanotube type tested (quasimetallic, semiconducive, or
metallic) and how load was applied, conductance changed by
35% [11] or by orders of magnitude [10], [12]. These electro-
mechanical characterization results serve as the fundamental ra-
tionale of developing highly sensitive strain sensors using CNTs
as active sensing elements.
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Employing the piezoresistive effect of CNTs, a MEMS
pressure sensor that integrated bundles of MWNTs on a
PMMA substrate was reported to have a piezoresistive gauge
factor of 235 [13]. More recently, a SWNT-based pressure
sensor was constructed by electron-beam lithography and a
bulk micromachining process [14]. The pressure sensor con-
sisted of an individual metallic SWNT on top of a 100 nm thick
circular alumina membrane with a radius of 50-100 pym. The
piezoresistive gauge factor was characterized to be approxi-
mately 210. The low-throughput e-beam lithography process
followed by AFM imaging for alignment and coordinate deter-
mination eliminates the potential of batch fabrication.

The piezoresistive properties of CNTs promise a potential
candidate for strain sensing in AFM imaging/manipulation to
replace the laser detection system [Fig. 1(b)]. In this paper,
we present the design and microfabrication of cantilevers
that employ MWNTs as active sensing elements, differently
from conventional piezoresistive designs using doped silicon
or polysilicon. The MWNTs were integrated through dielec-
trophoresis (DEP) trapping. A batch microfabrication process
was developed to construct these CNT-based cantilevers,
which is describedg in Section III. Characterization results and
discussion are presented in Section I'V.

II. ELECTRODE CONTACT INTEGRATION OF CNTS

The central idea of nanotube integration is to create electrical
contacts between a nanotube and electrodes, representing a crit-
ical step for creating nanotube-based devices. A detailed dis-
cussion on the topic of CNT integration can be found in [15].
A few of the integration techniques are briefly described as fol-
lows. The first method is to disperse CNTs on a substrate and
randomly locate a nanotube (or nanotube ropes) using AFM.
A subsequent e-beam lithography step creates electrodes to fix
the located nanotubes or ropes [14]. The second method em-
ploys either e-beam lithography [10], [16], [17] or micro contact
printing [18], [19] to pattern catalysts, followed by CVD in situ
growth. Another e-beam lithography step is used to place elec-
trical contact pads over the catalyst islands. The third integration
technique combines SEM-based nanorobotic manipulation and
EBID (electron beam induced deposition) [20].

Among the many CNT integration techniques, DEP manipu-
lation was demonstrated to be an effective approach for the as-
sembly of CNTs onto electrodes [21], [22]. Using a composite
dc/ac field, the DEP approach employs the ac field to attract
nanotubes to their desired location while using the dc field to
trap the nanotubes by electrostatic attraction. Electrode size and
geometry, ac frequency, and dc/ac ratio are major factors in de-
termining the alignment and the number of trapped nanotubes.

In our experiments, purified MWNTs (Nanoledge Inc.,
France) with an average length of 5 ym and an average diam-
eter of 17 nm were used. The MWNTs dispersed and suspended
in methanol with Triton X-100 were sonicated (Fisher FS220)
at 320 W for 4.5 h in order to untangle the MWNT ropes into
individual tubes. The concentration of the resulting MWNT
solution for DEP integration was 0.5 pug/ml. Au/Cr electrodes
(Fig. 2) having a thickness of 80 nm/20 nm and a gap of
2 pm were constructed by e-beam evaporation and liftoff. The
trapping experiments were conducted over all combinations
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TABLE 1
DEP TRAPPING PARAMETER VALUES. ALL COMBINATIONS WERE CONDUCTED

Factor Value 1 Value 2 Value 3
Driving frequency (MHz) 4 8 12
AC magnitude (V) 3 6 9
DC offset (V) 0.5 1 1.5

888888 180 KV X18.8K 3.808rm

Fig. 2. SEM image of a pair of microelectrodes with MWNTs assembled by
DEP trapping. The applied signal consisted of a 4 MHz/9 Vp-p ac component
and a 0.5 V dc offset.

of parameter values listed in Table I. The trapping parameter
set of 4 MHz and 9 Vp-p ac signal with a 0.5 V dc offset was
selected for assembling MWNTSs onto electrodes because this
parameter set was found to produce a regular MWNT network
with limited number of tubes (Fig. 2) and result in the highest
reproducibility and yield across devices.

After MWNT integration, a final photolithography and liftoff
step was performed to deposit 20 nm thick Au as top elec-
trodes over the aligned nanotubes. This additional step serves
two purposes. First, it dramatically improves the contact resis-
tance between the CNT and the surrounding electrode assembly
(decreased from 1-10 M to 100-600 k€2). Second, it physi-
cally “clamps” the nanotubes in place.

III. MICROFABRICATION

Microfabrication started with a 400 pm thick (100) Si wafer.
A 200 nm SizNy film was formed by LPCVD on both sides.
A rectangular window was opened by SizNy RIE etching,
followed by KOH anisotropic Si etching until 40 pm Si re-
mained in the trench [Fig. 3(a)]. Using front-to-back alignment,
80 nm/20 nm Au/Cr electrodes with a gap of 2 pm were formed
on the front side of the wafer with e-beam evaporation and
liftoff [Fig. 3(b)]. In order to investigate the electrode shape
effect on cantilever performance, four electrode configurations
were constructed, shown in Fig. 4. Round electrodes are used
in Fig. 3(c) and (d) to illustrate the fabrication process.

MWNTs were DEP assembled onto microelectrodes under
a MEMS testing probe station. After a droplet of MWNT so-
lution (2 uL) was placed between a pair of electrodes, the trap-
ping voltage was continuously applied until the MWNT solution
evaporated completely. When CNT assembly was completed
on all electrode pairs, the wafer was placed onto a hotplate at
100 °C for 30 min to remove methanol [Fig. 3(c)].

A second layer of 20 nm Au electrodes was formed by liftoff,
in which a high-precision alignment to the bottom Au/Cr elec-
trodes was performed [Fig. 3(d)]. This step was effective in re-
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Fig. 3. Microfabrication process flow of MWNT-based cantilevers. (a) KOH
Si etching. (b) E-beam evaporation and liftoff. (c) DEP trapping of MWNTs.
(d) Liftoff to form top-covering electrodes. (¢) SU-8 patterning and dry etching
release. (f) Optical microscopy picture of a released cantilever suspended over
a trench.

Fig. 4. Optical microscopy pictures of four electrode configurations. (a) Re-
peated round electrodes. (b) Single round electrodes. (c) Repeated rectangular
electrodes. (d) Single rectangular electrodes.

ducing contact resistance and mechanically fixing the MWNTs.
The wafer was cleaned with alcohols, rinsed with DI water, and
placed onto a hotplate for another 30 min at 100 °C. A 10 pym
SU-8-5 negative photoresist was then spun onto the wafer and
patterned. This SU-8 layer acted as etch mask for subsequent
dry release. Additionally, it served as a packaging layer that sep-
arated MWNTs from the external environment for protecting
nanotubes during dry etching and minimizing their responsive-
ness to external environmental changes, such as humidity and
gas concentration variations.

Using the patterned SU-8 as an etch mask, a SizNy RIE etch
and a Si DRIE etch released the cantilevers [Fig. 3(e)]. Fig. 3(f)
shows an optical microscopy picture of a released CNT-based
cantilever suspended over a trench.

IV. CHARACTERIZATION RESULTS AND DISCUSSION
The effective Young’s modulus of the cantilever is

Esihs; + Esushsus
Eeg = (D
. hsi + hsus

where F.g is the effective Young’s modulus; Fg; = 160 GPa
and Fsys = 4 GPa are the Young’s modulus of Si and SU-8;
and hg; = 40 um and hgyg = 10 pm are thickness of Si and
SU-8. The force-deflection (§) model of the cantilever is

30 Eegl

F= iE

(@)

where [ is moment of inertia, and L = 1000 pm is the cantilever
length.

Testing was conducted with a micromanipulator (Sutter MP
285) under a probe station. As CNTs are temperature sensitive
(i.e., a temperature rise results in a lower resistance [23]), room
temperature at 25 °C was maintained throughout the characteri-
zation process. A stiff probe was mounted on the three-axis mi-
cromanipulator that applied forces to the cantilevers. At every
step of 2 um, the resistance change was measured with a preci-
sion source meter (Keithley 2602). From (1) and (2), cantilever
deflections were converted into unitless strain. Fig. 5 shows the
testing results (resistance change versus tensile strain) of one
representative cantilever for each electrode configuration. In the
experiments, three cantilevers for each electrode configuration
were characterized (12 cantilevers total).

Experimental results demonstrated that the initial resistance
was the highest for repeated round electrodes [Fig. 5(a)] and
the lowest for single rectangular electrodes [Fig. 5(d)]. Due to
the largest effective area of single rectangular electrodes for
CNT trapping, more MWNTSs were assembled between two
electrodes. As the total resistance is determined by the number
of parallel connected CNTs, more assembled CNTs resulted
in a lower initial resistance. Despite the initial resistance
differences, the slope of the curves for the four electrode con-
figurations was found to be relatively stable, from 1.9 X 10 kQ
to 6.5 x 10* kQ (with a mean value of 3.5 x 10* k2 and a
standard deviation of 3.56 x 10* k) based on the testing
results of 12 cantilevers. Within the testing range, no noticeable
hysteresis was observed. For larger stain levels, hysteresis
might be significant and must be thoroughly quantified.

As an important measure of CNTs’ electromechanical prop-
erty, the piezoresistive gauge factor is

AR (1
Y= (‘) ®

where ¢ is unitless strain. Table Il summarizes the characterized
gauge factors for the four electrode configurations. Each mean
value in the table was based on three tested cantilevers with
the same electrode configuration. The gauge factor of 78.84 to
134.40 obtained in this study is similar to that of piezoresistive
cantilevers using doped silicon as piezoresistors with a typical
gauge factor lower than 200 [24]-[26]. Compared to the gauge
factors of reported CNT-based pressure sensors, 235 for MWNT
bundle-based pressure sensors [13] and 210 for single metallic
SWNT-based pressure sensors [14], the gauge factor of 78.84 to
134.40 obtained in this study is lower, possibly due to different
types of CNTs used for sensor construction.

A gauge factor ~1000 would permit CNT-based cantilevers
to provide more comparable performance as laser detection
systems. AFM-based electromechanical characterization re-
sults demonstrated that the gauge factor can reach 600-1000 for
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Fig. 5. Resistance versus strain of CNT-based cantilevers with different electrode configurations.

TABLE II
STATISTICAL VALUES OF GAUGE FACTORS

Gauge

@ ) © @

Mean 99.13 78.84 121.07 134.40
Standard 0 0n 435 2770 2350
deviation

(a) Repeated round electrodes

(b) Single round electrodes

(c) Repeated rectangular electrodes
(d) Single rectangular electrodes

individual quasi-metallic SWNTs [12]. However, the difficulty
in precisely selecting appropriate CNT types and obtaining
uniform electromechanical properties is a hurdle for the de-
velopment of highly sensitive CNT-based mechanical sensors.
Current CNT synthesis techniques are only capable of pro-
ducing statistical distributions of chiralities, and thus, electrical
and electromechanical properties. Continuous progress being
made to alleviate these difficulties promises improvements
of measurement sensitivity and reproducibility of CNT-based
strain sensors such as cantilevers.

The CNT-based cantilevers presented in this paper was based
on the batch microfabricated; however, DEP assembly of CNTs
was manually conducted in a serial manner. Besides reducing
the stiffness of the cantilevers and using individual CNTs as
sensing elements, methods such as capacitive coupling [27]
can be employed to realize parallel DEP assembly of indi-

vidual CNTs toward batch-microfabricated, highly sensitive
CNT-based AFM cantilevers.

V. CONCLUSION

Utilizing the electromechanical properties of carbon nano-
tubes, this paper presented microfabricated cantilevers with
MWNTs as active strain sensing elements that differ from
conventional piezoresistive designs. A batch microfabrication
process was developed to construct the cantilevers. MWNTSs
with an average length of 5 ym and an average diameter of
17 nm were dielectrophoretically assembled between elec-
trodes. The parameter set of 4 MHz and 9 Vp-p ac signal with
a 0.5 V dc offset was selected for its highest reproducibility
in producing regular MWNT networks with limited number
of tubes. The CNT-based cantilevers demonstrated a linear
relationship between resistance changes and externally applied
strain. The gauge factor ranged from 78.84 to 134.40 for four
different electrode configurations. In order to obtain highly
sensitive, batch microfabricated CNT-based cantilevers that
are directly applicable to AFM strain detection, challenges to
tackle include the precise selection of appropriate CNT types
(e.g., quasi-metallic SWNTs) and the realization of parallel
DEP assembly of individual CNTs.
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