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Abstract

A multi-walled carbon nanotube (MWNT) bimorph nanoactuator has been modeled, fabricated
and characterized. A thin aluminum film was uniformly deposited on the sidewalls of MWNTs
using a pulsed laser deposition method to create the bimorph nanostructure. For a temperature
change from 290 to 690 K with measured dimensions of 100 & 20 nm for the MWNT diameter,
40 £ 10 nm for the Al thickness, and 5.2 &+ 0.5 um for the bimorph length, the measured
deflection was 550 =+ 200 nm, which was in good agreement with the calculation. The actuation
force was measured using a lateral force microscopy technique, and the measured values agreed
well with the prediction based on the model. The nanoactuator generated a uN force at its tip.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Manipulation of nanoscale objects has been accomplished us-
ing surface probe microscope (SPM) systems or nanotweezer
systems [1-4]. However, measurement of nano-newton level
force generated by individual actuators is much more com-
plicated and thus requires further research [5-9]. Research
on microactuators using thermal stress as the driving mech-
anism has been very active, because of the relatively large
amount of force generated from simple device structures [10].
In addition, applications of such microactuators, including mir-
rors [11-13, 10], conveyer systems [14, 15], tweezers [16—19]
and ciliary systems [20, 21] and fixtures [22] were reported.
To further reduce the size of actuators, a nanotweezer—a pair
of nanotubes attached at the end of a glass rod, which was
capable of picking up microparticles was studied [23]. A
nanoscale trimorph device (metal oxide-multiwall carbon nan-
otube (MWNT)—metal oxide) was developed for thermal ac-
tuation based on MWNTSs by depositing two thin metal-oxide
films on opposing sidewalls of a MWNT [24]. Upon heating
the body of the MWNT, the structure achieved thermal deflec-
tion as a result of the mismatch of coefficients of thermal ex-
pansion (CTE) between two different metal oxides. However,
there are remaining issues of (1) fabrication of a nanoactua-
tor structure using MWNT as a bimorph layer, but not as a
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template, in order to create the device in a much simpler way,
and (2) direct force measurement from nanoactuators, which
is not yet reported. The fabrication of ‘bimorph’ is benefi-
cial, since the CTE of MWNT (less than 3 x 107° K~!) [25]
is much smaller than that of Al (23 x 107° K™') in the tem-
perature range of up to 550 K. To create nanoscale bimorph
structures, the key fabrication issue is the deposition of a metal
film on only one side of a MWNT exposing the other side
as a bare MWNT surface, requiring a directional deposition
method. Further, the measurement of minuscule force gener-
ated from nanoactuators is required.

In our study, a thermal actuation approach using MWNT-
Al bimorph is chosen for two reasons. First, a CNT bimorph
can act as a very sturdy nanolayer under repeated bending, and
MWNTs in particular are well known for mechanical resilience
under extreme bending [26]. Typically, MWNTSs can be
synthesized to be microns-long, thus, potentially allowing the
deflection of one tip in the range of hundreds of nanometers.
Second, thermal stress provides the largest stress in a wide
range of scale. This will be advantageous in the fabrication
of miniature actuator with a relatively large force generation.
Bimorph nanostructures are currently being developed in the
author’s group using a pulsed laser deposition (PLD) system
for precision film deposition on the sidewall of MWNTs. In
this paper, the fabrication of MWNT bimorph nanoactuators
and the characterization of the actuation force are presented.
A transmission electron microscope (TEM) was used to assess
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Figure 1. Nanoscale bimorph fabricated using a MWNT with a thermally evaporated Al film: (a) TEM image of an aluminum-covered
MWNT by thermal evaporation without cooling. The scale bar is 20 nm. (b) TEM image of a MWNT with aluminum film on one side only.
The aluminum was deposited at a low temperature stage, which was maintained at 150 K using liquid nitrogen inside the evaporator chamber.
However, due to marginal uniform coverage of Al film, repeatable thermal deflections were not achieved.

the metal film quality, and a thermal stage was built inside an
SEM chamber in order to test the thermal actuation capability
of nanoactuators. The force generated from the nanoactuator
was measured using a lateral atomic force microscopy (LFM)
by applying an external counteracting load against its tip with
an atomic force microscope (AFM) tip.

2. Fabrication

Chemical vapor deposition (CVD)-grown MWNTs (purchased
from MER Corp.) were suspended by sodium dodecyl sulfate
(SDS) in distilled water [27]. A droplet of the suspension
containing the MWNTs was dispensed on silicon substrate.
After dehydration, the substrate was broken into smaller pieces
to find cantilevered MWNTs at substrate edges. Our initial
attempt to create a bimorph nanostructure was by evaporation
of Al on a MWNT cantilever by thermal evaporation at room
temperature, where the metal atoms encapsulated the whole
circumference of a MWNT due to the high kinetic energy
of metal atoms (figure 1(a)). To fabricate the double layer
by reducing this encapsulation, the sample stage was cooled
down to 150 K using liquid nitrogen. However, formation of
metal grains due to the now too low temperature still caused
marginal Al film uniformity (figure 1(b)), hampering consistent
actuation performance [10] (figure 1). In contrast, a PLD
system allows deposition of Al on only one side of the MWNT
with a precisely controlled thickness and uniformity [24],
because of the low kinetic energy of ejected atoms from the
target. In this experiment, a Nd:YAG (Quanta Ray, DCR2-
10) laser was used to deposit Al, with a deposition rate of
0.6 A min~! at 70 mJ/10 ns pulse. Figure 2(a) shows TEM
images of a nanoactuator fabricated via the PLD deposition.

3. Modeling

If two layers of homogeneous materials, a and b, are stacked
with thicknesses d,, dy, and modified Young’s moduli Y,, and
Yy, respectively, the resulting bimorph deflects at one end with

a temperature variation AT, by [28]
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where Y = E/(1 —v), E is Young’s modulus, v is Poisson
ratio, and the os are thermal expansion rates, assuming a
rectangular cross section for each layer. Young’s modulus
and coefficient of thermal expansion (CTE) of MWNT were
obtained from [25, 29]. Thickness of each layer and the device
length were measured using SEM and TEM. The reported CTE
and Young’s modulus were 3 x 107° K~! [25] and 1 TPa [29]
for MWNT, and 23 x 107 K~! and 70 GPa for Al bulk
values, respectively. Temperature of the sample substrate was
measured using a thermocouple at the thermal stage inside the
SEM. The bimorph tip generates a bending force against an
external load at the tip. The amount of external load required
to recover the bimorph to its room temperature geometry, is
predicted by [28],
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where w is width, which is identical to the diameter of the
MWNT.

4. Thermal deflection and force measurements

For a temperature change from 290 to 690 K with measured
dimensions of 100 £ 20 nm of MWNT diameter, 40 =+
10 nm of Al thickness, and bimorph length of 5.2 + 0.5 um
(figures 2(b)—(d)), the deflection calculated was 430 nm using
equation (1). The deflection measurement shown in figure 2(d)
was 550 = 200 nm, which was in good agreement with the
calculation.
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Figure 2. Nanoactuators fabricated using a MWNT with a uniform PLD-based Al film: (a) TEM image on MWNT=AI bimorph nanoactuators
at a side view angle. (b) SEM image of a nanoactuator from the same PLD batch. A white line displays the entire length of the bimorph. The
image was taken at 690 K in a thermal stage prepared inside the SEM. The thermal stage was used to control the substrate temperature. Al was
deposited from left to right in the image. (¢) SEM image taken at 290 K. (d) For comparison, the image (b) is superposed on the image (c).

The LFM technique was used to measure the actuation
force generated from the nanoactuator. The force from
the nanoactuator was measured by sweeping an AFM tip
laterally at the middle of a bimorph (figure 3(a)). The
thermally generated force twisted the AFM cantilever further,
and this amount appeared as an increase as the temperature
was elevated by a thermal stage under the AFM. The total
force (reaction with thermal response) was calculated by
F = kwisccLIL—r, Where ks 1S torsion spring constant of
an AFM cantilever, ¢y, is a ratio between detected voltage
versus AFM tip lateral swinging in nmmV~!, and I g
is the measured voltage in mV. ki was calculated by
Et3w/6(1 +v)Lh?, where E,L,t,w, and h are Young’s
modulus, length, thickness, width of the AFM cantilever, and
height of the AFM tip (105 nNnm™'). ¢_ was calibrated
by measuring the voltages generated at the quad-photodiode
in the AFM, when the tip touched a step edge (0.038 =+
0.002 nm mV~"). The measured I} _g was used to calculate
the amount of force applied at the AFM tip. Figure 3(b) shows

the measurement results at 290 and 340 K from a bimorph
with a 20 nm-thick Al film. The generated force from the
nanoactuator was calculated by subtracting /g at the low
temperature from the I} _g at the high temperature. The saw-
tooth feature in /;_r implies the stick-slip when the AFM
tip slides along the bimorph before release. This was also
observed in a bare MWNT cantilever. The LFM measurement
was repeated at AT = 0 (298 K), 50, 100, 130, and at 0 K
again. Figure 4 shows that the measured force agrees well with
the prediction in equation (2).

5. Discussion

There is interest in studying the performance of nanoactuators,
in terms of the maximum generated force divided by mass
(i.e. force density). Ideally all types of biological or
mechanical motors seek to produce large force with minimal
mass. According to a study done on the universal scaling law
on a force—mass relationship [30], our nanoactuator belongs to
the linear type, which generates force through a linear stroke.
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Figure 3. LFM-based force measurement results: (a) schematic on the force using LFM. The reaction force from the bimorph acting on the
AFM tip generates an I _g signal, like (b) as the AFM tip scans laterally, until the AFM tip is released. The thermal actuation force appears as
an increase of I _g signal at the higher temperature. (b) I, _g signal versus AFM scan distance at 290 and at 340 K.
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Figure 4. Temperature and thickness versus force. The lines
represent the prediction from equation (2) based on the measured
bimorph geometries. Al thickness was 60 £ 10 nm (red) and

20 £ 5 nm (purple), MWNT diameters were 200 £ 20 nm, and length
of the bimorphs were 2.2 & 0.2 um. Room temperature
measurement with 60 nm was done after cooling, indicating residual
film stress. The error bars of the forces are either the standard
deviation of multiple measurements or drift of /; _r, where the larger
value was chosen. In addition, the measurements were repeated three
times at each temperature.

The governing equation of the law is force = 887 x (mass)?%¢7.
Following this equation, the expected force from the mass of
the bimorph, 1.0 x 107!° kg, is only in the range of tens of
nano-newtons. However, our equation (2) and measurements
indicate that the maximum force can be in the range of uN
depending on temperature variation, which is roughly one
hundred times the expectation. This is much larger than
average deviation (typically by a factor of 10) of individual
motors from the law. The large force—mass ratio comes from
the fact that the actuation force becomes larger when the length
of the bimorph gets shorter at the cost of reduced deflections,
which differs from other motors where large force is achieved

by increase in mass. This advantage of relatively high force
output can be used for the construction of light-weight motors,
perhaps to be used as artificial muscle if multiple actuators are
prepared.

6. Conclusions

MWNT-AI bimorph nanoactuators have been fabricated using
a PLD technique. The bimorph nanostructure was verified
using TEM, and the thermal actuation was measured and
confirmed by thermal bending experiments inside an SEM.
The actuation force generated at the tip of a nanoactuator was
measured by scanning an AFM tip across it and simultaneously
recording the AFM’s twisting angle. The measured maximum
force was approximately 1 uN at 430 K, which was in good
agreement with the modeled prediction.
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