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Highly Aligned Carbon Nanotube-Based Bi-Material Microactuators

with Reduced Intertube Slipping
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Abstract: Bi-material microcantilevers have been widely used
as both thermal sensors and thermal actuators. Carbon
nanotubes (CNT) are prominent candidates for bi-material
actuators due to the negative coefficient of thermal expan-
sion (CTE) at the axial direction that allows for higher thermal
sensitivity. However, CNT-based actuators generally suffer not
only from intertube slipping due to weak interactions
between the assembled CNTs but also from poor control over
orientation assembly. To address these challenges, a new
class of closely packed, highly aligned CNT microcantilevers

reinforced by ceramic interlocking is here proposed, followed
with deposition of Al thin film to form the bi-material
actuators. The investigations of the mechanical properties
and thermal response of CNT microcantilevers indicate that
the slipping between the tubes limits both the strength and
the thermal sensitivity of the bi-material microcantilevers.
Intertube deposition of AlLO; as ceramic interlocking is used
to reinforce the binding strength between the tubes, and
increases in the mechanical strength as well as thermal
sensitivity of the microcantilevers have been achieved.

1. Introduction

Microactuators, which can perform certain mechanical motions
via external stimuli, are vital to the development of biomimetic
robots, artificial muscles, and micromanipulators." Thermal
microactuators based on bi-materials are widely used in Micro-
Electro-Mechanical System (MEMS), stimulated by several
sources including visible light or infrared (IR), thermal radiation,
or Joule heating. Significant displacement, fast response, and
high-energy conversion efficiency are much desired among
these applications in recent years. Among the major materials
for thermal microactuators including polymers, silicon dioxide,
vanadium dioxide and carbon nanotubes (CNT), carbon nano-
tubes are ideal candidates due to the distinctive negative
coefficient of thermal expansion (CTE), which is —11x107° K™
in the axial direction around room temperature® In a case
where a thin layer of CNT film coupled to a positive CTE
material is heated, the large mismatch in CTE may lead to large
bimorph actuation. Therefore, such design can ensure high
temperature sensitivity of the devices. For photothermal
actuators specifically, it is essential to have strong optical
absorbance to achieve high-energy conversion efficiency.” It
has been shown that CNTs possess a nearly constant and near-
unity emissivity (absorptivity) of 0.98-0.99 across a wide
spectral range from UV (200 nm) to far infrared (200 pm),®
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which makes them perfect for energy absorption/converstion
material. Furthermore, the thermal time constant of a thermal
actuator is determined by the mass density and specific heat of
the materials. The mass density of CNT is much smaller than
that of other major materials, which can ensure rapid response.

However, inter-tube slipping is one of the most common
obstacles lying in CNT fibers, CNT ropes and CNT films. This
obstacle degrades the mechanical properties of CNT based
materials and limits their potential applications in micro-
electro-mechanical systems (MEMS).®! CNT films or CNT ropes
are assembled by individual CNTs through weak van der Walls
interaction, which is the root of weak interfacial shear strength
between individual CNTs. With stimulation applied to the CNT-
based actuators, relative slipping between individual CNTs
occurs, causing insufficient load transfer between adjacent
nanotubes and reducing the deformation. Hence, inter-tube
slipping needs to be addressed before carbon naotubes can
deliver high performence actuators.

Previously published studies have developed some methods
on the reinforcement of CNT fibers. The most common
approaches are irradiation methods and polymer interlocking
methods. The structure of CNTs can be modified using electron
or ion-beam irradiation by transmission electron microscope
(TEM) or focused ion beam (FIB)."®'" Irradiation methods can
introduce stable crosslinks forming with the participation of
interstitial carbon atoms or by a radiation-induced chemical
reaction between carboxyl groups attached to neighboring
nanotubes. However, it is tough to manufacture at a large scale
due to the high energy density requirement. Furthermore,
irradiation with high energy particles is associated with
introducing unwanted defects that further degrade the me-
chanical performance of the CNT fibers."? Polymer interlocking
methods take an effective post-treatment approach to intro-
duce polymer chains between CNTs by using aryl radical
coupling reaction or in situ chemical vapor deposition."*'¥ The
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enhanced interactions between the bundles were mostly due
to non-covalent interactions between the polymer chains
introduced onto the surface of the bundles. But the lower
intrinsic strength of polymer ultimately limits the overall
mechanical properties of CNT fibers.

Herein, we present the development of bi-material micro-
cantilevers made of CNT film coupled with Al thin film. In order
to utilize the axial properties of CNTs, we fabricated closely
packed, highly aligned CNT films. The CNT microcantilevers are
defined with Focus lon Beam (FIB) milling along the alignment
direction, followed with deposition of Al thin film to form the
bi-material sensors. The investigations of the mechanical
properties and thermal response of the microcantilevers
indicate that the slipping between the tubes due to weak van
der Waals interaction limits not only the strength, but also the
thermal sensitivity of the bi-material microcantilevers. Ceramics
are commonly used for coating materials because of the good
strength to weight ratios, high melting and oxidation temper-
atures and excellent wear resistance. The porous nature of the
CNT films allows researchers to use methods such as atomic
layer deposition (ALD) to uniformly inter-tubes deposit Al,O;
thin film as reinforcement coating. So we have introduced
ceramic interlocking between neighboring carbon nanotubes
within films by using ALD, which could simply and effectively
limit the slipping between the nanotubes. With the introduction
of ceramic interlocking, increases in both the mechanical
strength and thermal response of the microcantilevers have
been achieved.
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2. Results and Discussion

2.1. Preparation of self-supporting CNT film and FIB
directly-patterning

Figure 1 shows the schematics of the fabrication process for
directly patterned oriented carbon nanotubes cantilevers. First,
lines of catalyst for regular arrays on a silicon substrate were
patterned through conventional lithography. The catalyst
consists of 2 nm thin film of iron with 10 nm thin film of
alumina underneath as buffer layer. Second, vertically aligned
carbon nanotube (VACNT) sheets almost 2 mm in height
(Figure 1(b)) were prepared by the water-assisted chemical
vapor deposition (CVD) from the patterned catalyst lines at
760°C for 40 min, with ethylene as the carbon source and water
as the growth enhancer.™™'¥ The width of the catalyst line
determines the thickness of the VACNT sheets. The volume
fraction of VACNT sheets is only 1%, so it is very sparse.
Nonetheless, the VACNT sheets could be manipulated as
cohesive units due to van der Walls interactions and entangle-
ment between tubes. Then the sparse VACNT sheet was
removed from the growth substrate as a freestanding film with
tweezers and laid down on another silicon substrate patterned
with micropillar arrays. Subsequently, a droplet of isopropyl
alcohol (IPA) solution was dispensed on it. The IPA solution is
applied to generate a capillary force to reduce the distance
among the CNTs as well as between the CNTs and the
substrate, thereby producing stronger van der Walls interac-
tions. During the dried process, the capillary force of the liquids
drew the fibrous CNT sheet together so that transformed it into
closely packed, highly aligned CNT film."” The CNT film could

CNT sheet Si pillars

CNT sheet +liquid droplet

Figure 1. a) Schematic illustration of the fabrication process of the CNT cantilever. SEM images of b) VACNT sheets, c) closely packed, highly aligned CNT film,

and d) CNT microcantilevers.
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be treated as a single robust body. At the same time, the
capillary effect also acted as a preload which brought the CNT
film into tight contact with silicon substrate. The adhesion of
CNT film to substrate stems also from the van der Walls
interactions between the two surfaces."™ The concentration of
the IPA solution was 50% in volume fraction and is critical to
achieve effective film densification and sufficient adhesion
between the film and substrate. Therefore, the self-supporting
densified CNT film, a super-aligned anisotropic material, was
successfully prepared. Finally, several CNT microcantilevers
paralleled to CNT alignment direction were directly patterned
by focused ion beam (FIB) (Figure 1(d)), a powerful direct-
writing technique, which is often chosen for micro and nano-
fabrication without lithography. These suspended cantilevers
could serve as key elements for the study of mechanical
properties and actuated performence of the CNT film.

2.2, Mechanical properties measurement

As shown in Figure 2(a), the spring constant K of CNT micro-
cantilevers were measured by atomic force microscopy (AFM)
(Bruker, Demension Icon) operating in peakforce tapping mode
which is a special mode in particular for measuring force curves.
The effective Young’'s modulus of the CNT microcantilever is
given by
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where E, is the effective Young's modulus, K the spring
constant, and L, w, t are the length, width, and the thickness of
the CNT microcantilevers, respectively. The dimensions of the
microcantilevers defined by FIB milling are 120 pm long and
20 um wide. However, it was too difficult to apply the AFM
cantilever tip to the free end of the CNT microcantilevers so
that there was a certain distance from the free end. Hence the
actual bending length of the CNT microcantilevers is about
100 um. The thickness was measured to be in a range from 2.1
to 2.2 um by SEM.

Ceramics are commonly used as conformal coating for
vertically aligned CNT arrays to improve compressive strength
and stiffness."*?*” The porous nature of the densified CNT films
also allows researchers to use methods such as atomic layer
deposition (ALD) to weld the nanostructures of CNTs by
uniform inter-tubes deposition of AlLO; thin films.?" In this
study we report on a detailed TEM investigation of these
nanostructures in the CNT films. The TEM samples were
prepared by ultrasonic treatment of CNT films in beakers filled
with ethanol for 15 minutes, followed by dipping copper
meshes. As can be seen from Figure 3(a), individual tubes in the
CNT films entangle with each other resulting in the formation
of branch gaps and nano-junctions denoted as Van der Waals
bonds. The ALLO; deposited by ALD can fill the branch gaps
between tubes and wrap the nano-junctions as can be seen in
Figure 3(d). The nano-junctions are wrapped by a thin layer of
Al,O; as ceramic interlock bonds, which are made by drawing
the liquid precursor into the porous CNT film and pyrolyzing
the precursor. The schematic model of Van der Waals bonded
CNT bundles and ceramic interlock bonded CNT bundles are
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Figure 2. a) Principle of AFM characterization of CNT microcantilever. b) Force curves and c) spring constant of CNT microcantilevers with different coating

thickness. d) E.«/E as a function of the shear transfer efficiency.
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Figure 3. High resolution TEM images of a) Van der Waals bonded CNT bundles and d) ceramic interlock bonded CNT bundles. Schematic model of c) Van der
Waals bonded CNT bundles and f) ceramic interlock bonded CNT bundles. Lateral view SEM images of b) Van der Waals bonded CNT film and e) ceramic

interlock bonded CNT film.

shown in Figure 3(c) and Figure 3(f). Furthermore, the lateral
view SEM images of Van der Waals bonded CNT film and
ceramic interlock bonded CNT film are shown in Figure 3(b) and
Figure 3(e). A range of alumina thicknesses was tested to
investigate the effect of coating thickness to the mechanical
behaviors of CNT films. One interesting finding is that the
spring constant of the CNT microcantilevers with various
coating thickness (0, 2, 4, 6, 8, 10 nm) is varied from 0.24 to
1.5 N/m, as shown in Figure 2(c). Obviously, the uncoated CNT
microcantilever exhibited the lowest effective Young's modulus
because of the weak interactions between the CNTs which are
bound together by entanglements and van der Waals inter-
actions. Figure 2(c) also reveals that a significant improvement
of the effective Young’s modulus is obtained with the
increasing coating thickness. The effective Young's modulus of
an uncoated CNT microcantilever has been greatly improved
from 6.3 GPa to 40 GPa after reinforcement by 10 nm Al,O,
coating. It should be noted that the force-deflection curve of
the uncoated CNT microcantilever reveals a characteristic
sawtooth-like pattern. The results show that there is a gradual
decline in the number of the sawtooth-like pattern with the
increase in coating thickness and the pattern became barely
visible for 10 nm coated cantilever (Figure 2(b)). It is believed
that inter-tube slipping results in the sawtooth-like pattern, and
every peak corresponds to the breakage of several nano-
junctions, causing the slipping to release stress. This process is
similar to the mechanisms of natural coil molecules, such as
shells, titin and bones.”??¥ The inter-tube binding energy and
the contact length are identified as the two factors that
contribute to load transfer in CNT bundles.”” As the coating
thickness increased, an increasing number of branch gaps are
filled so that the length of ceramic interlock bonds gradually
enlarged. The load is transferred to whole film through shared
bonds of adjacent crosslink parts. Consequently, the number of
CNTs undergoing shear stress transfer is in continual growth.
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More importantly, the bonding strength of the nano junctions
is greatly enhanced, because the Van der Waals junctions are
replaced by the ceramic junctions with stronger binding energy.
Therefore, the slipping can be surpressed steadily and the
amount of sawtooth-like pattern is significantly declined.

R. Byron Pipes etal. developed a model wherein the
shearing traction upon flexural compliance of the CNT array
was quantified.”®* In this model, the CNT fibers are treated as
laminated beams composed of many rectangular layers with
the same bending properties at each layer. Assuming that the
thickness of individual layers of the laminate is the center
distance of two layers of carbon nanotubes. Due to imperfectly
bonded between layers, a parameter, 0 <k<1, “shear transfer
efficiency” is defined as the ratio of the magnitude of the
shearing traction. By introducing imperfect bonding of CNT
cantilevers, the shear traction can be continuously varied to
evaluate the flexural behavior of CNT cantilevers with varying
levels of interfacial shear stress transfer and thereby mimic the
interlocking interaction among the CNTs. The fully bonded
condition corresponds to k=1 where the traditional Euler-
Bernoulli beam theory is applicable while the unbonded
condition corresponds to k=0. When this model is used to
describe the mechanical properties of a CNT cantilever, the
relationship between the effective Young’s modulus of the
cantilever and the Young’s modulus of an individual multi-
walled carbon nanotube can be written as

)

where E, is the effective Young’'s modulus of the CNT
cantilever, E the Young’s modulus of an individual multiwalled
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carbon nanotube (MWCNT), /; the total moment of inertia with
fully bonded condition, /; the moment of inertia of an individual
layer and n is the total number of layers. The diameter of
carbon nanotubes is about 15 nm and the volume fraction of
CNT film is 20% in this work. So the equivalent thickness of the
individual layer is 75 nm and the total number of layers is 28.
Previous study has obtained the value of the Young’s modulus
of MWCNT, which turned out to be 0.9 TPa from TEM images.?”
The E./E is a very strong function of the shear transfer
efficiency k, and this relationship is shown in Figure 2(d). What
can be clearly seen in this figure is the great improvement of
the effective Young's modulus within the range of k=0.9~1.
When substituting the experimental results of AFM measure-
ment into equation (2), the obtained values of k range from
0.819 to 0.973 with various coating thickness. In summary, all
these results demonstrate that the formation of ceramic inter-
locking bonds can effectively suppress the slipping of the CNT
films.

2.3. Thermal sensitivity measurement

The thermal sensitivity of a bi-material microcantilever refers to
the tip displacement change & due to the temperature change
AT2¥ In order to study the effect of ceramic interlocking on
thermal sensitivity of CNT based bi-material microcantilevers,
we prepared two types of CNT microcantilevers (L =80 pm, w=
16 um, t=0.7 um), one with 10 nm Al,O; coating and the other
without coating, followed with deposition of 20 nm chromium
and 200 nm aluminum by sputtering to form the bi-material
actuators. The thin chromium layer serves as adhesion promoter
between the CNT films and aluminum layer. When the temper-
ature changes by AT, the two layers bounded to each other
exhibit different thermal strains, which then generate thermal
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stresses at the interface, thus bending the microcantilevers. The
samples, which contain bi-material microcantilevers, were
characterized by the experimental setup shown in Figure 4(a).
Figure 4(b) and Figure 4(c) present the profiles of one of bi-
material microcantilvers before and after thermal loading. The
initial shape of the bi-material microcantilever was upwarped
because of intrinsic stress, and it bended downward after the
thermal loading. In this way, the temperature sensitivity of the
actuators can be characterized.

The relationship of the deflection z(x) at a location x and
temperature rise for a bi-material microcantilever can be found
by solving the thermomechanical governing equation,?="

2
% = 6(an — aent) (tAg:?T)AT

Where

1

K:4+6n+4n2+¢n3+¢n

(4

Here a is the thermal expansion coefficient, t the thickness
of each layer, AT the temperature rise of the microcantilever,
n=ty/teyr the thickness radio, and ¢ =E,/Ec\; is the elastic
modulus ratio. It is assumed that the temperature is uniform in
any cross section of the microcantilever, this is reasonable since
the microcantilever is very thin compared to its length. The
thermal sensitivity can be obtained from equation (3) and
written as

L2

) )
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Figure 4. a) Schematic of thermal response test setup including thermal loading stage and optical profiler. The profile of a sample b) before and c) after

thermal loading.
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in which L is the length of the microcantilever and 9 is the tip
deflection. It is clear that S strongly depends on the thickness
ratio n of the two materials. Equation (4) shows that when n—0
or n—oo, the factor K—oo and, hence, S—0. This physically
means that in the limit when one of the layers is much thinner
than the other, the thermal sensitivity goes to zero.

The deformation profiles of one of the 80x 16 pm AI-CNT
bi-material microcantilevers along the length direction are
shown in Figure 5(a) (10 nm alumina coating) and Figure 5(b)
(uncoated), respectively. Each figure contains six sets of data
point corresponding to deflection profiles at different temper-
ature, which changed from 22°C to 72°C with an interval of
10°C. Surprisingly, the thermomechanical deformation of bi-
material microcantilevers with 10 nm alumina coating was
observed to be significantly larger than uncoated microcanti-
levers even though the effective Young’s modulus of the coated
one is much higher than that of the uncoated one. In order to
quantify the difference between the two thermomechanical
deformation, the tip displacement of the microcantilevers at
different temperature is plotted and fitted in Figure 5(c) to
calculate the thermal sensitivity that is represented by the
slopes of the fitting lines. The fitting results show that the
thermal sensitivity of CNT based bi-material microcantilevers
with and without ceramic interlocking is 0.125 um/K and
0.079 um/K correspondently. Therefore, the thermal sensitivity
of CNT based actuators can be significantly improved when the
slipping between the CNTs is effectively suppressed.

The above results show that CNT arrays directly assembled
into films cannot be efficiently used as thermal microactuators
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because of dominant slipping between tubes. The ceramic
interlock bonding of CNTs provides a significant reduction of
slipping and increase the thermal sensitivity of the CNT-based
thermal actuators. According to the above, the thermomechan-
ical response is closely related to thickness ratio of the two
materials. The size and thickness configuration of the two
measured samples are the same, except that the CNT layer of
one of them forms ceramic interlock bonding and the other
one does not. However, our experiment results indicate that the
actual thermomechanical response of ceramic interlock bonded
bi-material microcantilever is much larger than bare CNT based
bi-material microcantilever. The reasonable explanation for this
phenomenon is that the slipping between the tubes in bare
CNT film makes the CNT layer that actually undergoes the
thermal deformation is much thinner than the metal layer
(Figure 5(d)), resulting in a low sensitivity. Therefore, if the
slipping between tubes is limited, the potential application of
CNT films or fibers in microactuators can be exploited to a
greater extent.

3. Conclusion

In conclusion, we have successfully fabricated a kind of closely
packed, highly aligned CNT films, whose properties in the axial
direction can be easily taken advantage of. The microcantilevers
were defined with FIB milling on the self-supporting CNT films,
followed with deposition of Al thin film to form the CNT-based
bi-material microactuators. The mechanical properties of bare

+-62°C o
72°C
-6
0 20 40 60 80
X (um)
(d) Metal
CNT

Deformation without slipping

Metal

Deformation with slipping

Figure 5. Height profiles of a) uncoated and b) 10 nm coating thickness bi-material microcantilevers. c) Tip displacement of the microcantilevers as a function
of temperature. d) Schematic diagram of bi-material microcantilevers with and without slipping.
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and ceramic interlock-bonded CNT microcantilevers with differ-
ent ceramic coating thickness were investigated through AFM.
It was observed that ceramic interlockbonded CNT microcanti-
levers exhibited significant improvement in Young’s modulus,
reduction in the sawtooth-like pattern of the mechanical curves
and enhancement in shear transfer efficiency, which indicated
that the introduction of ceramic interlock could effectively
eliminate the slipping between CNTs. Subsequently, we have
used a combination of an optical measurement apparatus
based on white light interference and a heating stage with
closed-loop control to characterize the thermomechanical
bending of the bi-material microcantilevers. As a result, the
achieved bi-material microactuators based on ceramic inter-
lockbonded CNT film are less affected by intertube slipping and
exhibit higher thermal sensitivity than those based on bare CNT
film. In the longer term, this work could open new routes
toward the development and improvement of novel micro-
robotics, biomedical applications and artificial muscles.

Experimental Section

Growth of VACNT sheets: Vertically aligned carbon nanotube
(VACNT) sheets almost 2 mm in height (Figure 1(b)) were prepared
by the water-assisted chemical vapor deposition (CVD) from the
catalyst lines patterned using lithography (SUSS MABAG6) on a
silicon substrate at 760°C for 40 min. The patterning process of
catalysts was as follows: First, a 10-nm buffer layer of alumina and a
2-nm layer of iron as catalysts were subsequently deposited onto
the Si substrate by ALD (Picosun, Sunale R-200 Advanced) and
thermal evaporation (VNANO, Beijing, China, VZZ-300). Second, 1-
um-thick photoresist (AZ 5214) was exposed and developed, and
then the thin film of catalyst was etched by inductively coupled
plasma (ICP) (Oxford, Plasma Pro System 100 ICP 180). Finally,
acetone was used to remove the residual photoresist. The growth
of VACNT sheets was done in argon (Ar) and hydrogen (H,) with
ethylene (C,H,) as the carbon source and water as the growth
enhancer in a tube furnace (KEJING, Hefei, China, OTF-1200X). First,
the prepared substrate with patterned catalysts was put into the
reaction tube and a flow of Ar (126 sccm) was also introduced into
the tube later. A current of H, (80 sccm) flowed into the tube when
the temperature of the furnace rose to 550°C. Once the furnace
reached the target temperature 760°C, a mixture of C;H, with a
flow rate of 54 sccm and a small amount of water vapor (~
125 ppm) was supplied into the reaction tube to start the growth
stage. The growth stage took about 40 min then the sample was
cooled down to room temperature in Ar.

Fabrication of CNT microcantilevers: The ion source of FIB is usually
liquid metal gallium or helium. In this work, a focused ion beam
system (FEl Helios 650) with source of liquid metal gallium was
used for pre-designed microcantilevers outline milling. The accel-
eration voltage of Ga+ was 30 kV and the ion current was 65 nA.
The CNT film was partially translucent under the scanning electron
microscope (Figure 1(c)), so the suspended part of the film and
locations of the micropillars underneath the film can be easily
identified.

Experimental setup of thermal sensitivity measurement: The samples,
which contain bi-material microcantilevers, were characterized by
the experimental setup shown in Figure 4(a). The samples were
heated by a thermoelectric cooler (TEC) which was controlled by a
TEC controller to maintain deviations in the temperature within
0.01 °C. The temperature at the surface of the silicon substrate was
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monitored using a thermal couple for closed-loop temperature
control. In order to attain thermal equilibrium, the samples were
kept at a constant temperature for about 2 min before measure-
ment. Each tested microcantilever was subjected to five stages of
thermal loading from 22°C to 72°C. The deflection profiles of the
microcantilevers were recorded by a 3D optical profiler (Bruker
GT—K), which uses the white light interferometry technique to
measure and image three-dimensional surfaces.

Characterization: Transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) images were recorded on
Hitachi SU8220 (Hitachi) and JEM-2100F (JEOL), respectively. The
mechanical properties of CNT microcantilevers were measured by
atomic force microscopy (AFM) (Bruker, Demension Icon) operating
in peakforce tapping mode.
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