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ABSTRACT

We have demonstrated length-controllable in-plane
synthesis of aligned carbon nanotube (CNT) array on
microfabricated structures using micromechanical springs.
The micromechanical spring provides precise compressive
stress during the chemical vapor deposition process for
CNT growth. Different loading results in different final
length of the CNT array, as well as different alignment and
defectiveness of the individual CNT. The length and the
alignment of CNT array according to the spring stiffness
were measured inside scanning electron microscope. The
defectiveness of CNT was examined using micro-Raman
spectroscopy, and the intensity ratio between D- and
G-band was analyzed.

INTRODUCTION

Remarkable mechanical, electrical and thermal
properties of individual carbon nanotube (CNT) were
studied previously [1-3]. Furthermore, researches on
growth, properties, and applications of aligned CNT arrays
were also reported. For the growth of aligned CNT arrays,
thermal and plasma enhanced chemical vapor deposition
(CVD) process were mainly used, and it exhibited
interesting characteristics such as high porosity [4], large
surface area [5], low mass density [6], and fatigue
resistance on repeatable compression [7]. Based on their
unique properties, the aligned CNT arrays were adopted as
a functional material in various applications. The examples
include multifunctional, low-noise and durable electrical
brush [8, 9], wide range pressure sensor [10], high aspect
ratio frame work [11], and electron source of
field-emission device [12]. Recently, we demonstrated a
process to integrate aligned CNT arrays on the sidewalls of
silicon-processed microelectromechanical systems
(MEMS). When two sets of aligned CNT arrays are
synthesized within predefined gap, they make mechanical
contact in the middle of the gap [13]. By using this
self-adjusted growth of the CNT array, we reported
CNT-integrated MEMS devices such as highly reliable and
degradation-resistant ~micromechanical switch [14],
contact time extended inertial switch [15], and torsional
microactuator where CNT arrays were used as dry
adhesive for high temperature fabrication process [16]. To
extend the usage and to increase the controllability of
aligned CNT arrays for practical applications, precise
manipulation over the length and defectiveness of the
synthesized CNTs is essential since they affect the
properties of CNTs and therefore the functionalities of
CNT-integrated devices. Numerous works have been
performed to control the length of aligned CNT array
including optimization of CVD parameters [17], timed
synthesis while monitoring the growth rate of CNTs [18],
and placing weight onto catalysts [19]. However, these
methods were limited only to vertically aligned CNTs on
planar substrate and required complex equipment.
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Figure 1: Detailed mechanism for length-controlled
in-plane synthesis of the aligned CNT arrays. (a) The gap
between micromechanical spring and anchor was isolated
initially with iron catalyst on the sidewalls. (b) CNT arrays
filled the gap during CVD process. (c) The micro-
mechanical spring was deformed by extrusive growth force
of the CNT arrays. According to the spring stiffness, the
length of CNT arrays can be controlled.

Moreover, labor-intensive multiple steps of CVD process
was required to obtain diverse length of CNT array.
Alternatively, dependency of CNTs growth rate upon
thickness of deposited gold were introduced [20], however
the electrical short between adjacent patterns was
unavoidable, which limits the employment of the method
to practical CNT-based devices.

In this work, we developed and characterized the
length-controllable and in-plane synthesis of aligned CNT
arrays on MEMS by single CVD step. The compressive
stress was applied perpendicularly on the aligned CNT
arrays during the CVD process due to the buckling
resistance of CNTs and the restoring force of the deformed
micromechanical spring. As the spring stiffness increased,
the length of CNT arrays decreased, and the morphology
was changed to less-aligned state.

DESIGN AND FABRICATION

The mechanism of length-controlled in-plane
synthesis of aligned CNT arrays is explained in Figure 1.
The anchor and the micromechanical spring were initially

MEMS 2012, Paris, FRANCE, 29 January - 2 February 2012



BN ESoW [ si | [ Fe | [fONTT
fe— p— e —

L

(a) Pattern frontside device layer / backside substrate
and DRIE on SOI wafer

Ol | ?I | Ol

MECHANICAL SPRINGS

(b) Remove PR and etch oxide layer to release the springs

Ot | [l | [ |

(c) Deposit iron catalyst through shadow mask

Er n s

-

At |

A

ALIGNED CNTARRAYS

(d) CVD synthesis of CNT arrays
Figure 2: Fabrication process of the micromechanical
spring and the aligned CNT arrays synthesis.

isolated with designed gap of 5 um, and the iron catalyst
for CNT synthesis was deposited on the sidewalls of both
anchor and spring. (Figure 1(a)). The gap was filled by the
aligned CNT arrays during the CVD process, and the CNT
arrays came in contact in the middle of the gap (Figure
1(b)). Once the gap was filled completely, extrusive
growth force of the CNT array was delivered to the
micromechanical spring. The two sets of CNT arrays did
not penetrate into each other while the growth was in
progress since high areal number density of CNTs and van

der Waals force inside the CNT array inhibited overgrowth.

As a result, the micromechanical spring was deformed
during the CVD process (Figure 1(c)). Hence the applied
compressive stress on the aligned CNT array was
dependent on the spring stiffness, and this provided the
length-tunability of CNT array when other CVD
parameters were identical.

The fabrication process of the micromechanical
springs and the anchors, and CVD synthesis of the CNT
arrays are described in Figure 2. It started on
silicon-on-insulator (SOI) wafer with a thickness of 20 pm
device layer, 2 pum buried oxide layer, and 450 pm
substrate. Two thermal oxide layers of 1 pm in thickness
on both sides of SOI wafer were patterned and etched.
Then the frontside silicon device layer and the backside
substrate were sequentially etched by deep reactive ion
etching (DRIE) with the thermal oxide layers as etch masks
(Figure 2(a)). Remained photoresist was removed by
piranha solution, and the thermal oxide and buried oxide
layers were etched by hydrofluoric acid to release the
micromechanical springs while the buried oxide
underneath the anchor was maintained (Figure 2(b)). After
the silicon processing, a shadow mask was aligned on top
of the device layer, and 5 nm-thick iron catalyst was
deposited selectively on the micromechanical spring and
the edge of anchor through the opening holes of shadow
mask (Figure 2(c)). Due to the imperfect directionality of
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Figure 3: SEM images of the micromechanical spring with
the integrated CNT arrays. The final length of CNT array
grown under 6.7 N/m and 31.3 N/m of spring stiffness was
(a) 6.5 um and (b) 4.7 um, and the length of stress-free
CNT arrays was 10.5 um and 10.3 um, respectively. (c, d)
The morphology of stressed CNT array during CVD
process was less-aligned and buckled than stress-free CNT
array.

metallization process, the iron catalyst was deposited on
both the top surfaces and the sidewalls of microstructures.
Finally, the CVD synthesis of CNT arrays was performed
in a tube furnace. The furnace was pumped down to a base
pressure below 10° Pa and purged with 100 sccm of
nitrogen gas. When temperature reached to 700 °C, 100
sccm of ammonia gas was introduced for 30 min as a
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Figure 4: Length of the CNT array grown with
compressive stress according to the spring stiffness. The
length ratio with respect to the stress-free CNT array for
6.7 and 31.3 N/m of spring stiffness is 1.6 and 2.2,
respectively.

pretreatment of the iron catalyst, and subsequently,
acetylene gas as a carbon source was flowed for 15 min. It
is noted that every CVD parameters were identical for the
aligned CNT synthesis except the spring constant of the
micromechanical spring for number of different test
structures designed.

RESULTS AND DISCUSSION

The results of the in-plane and the length-controlled
synthesis of aligned CNT arrays are shown in scanning
electron microscope (SEM) images of Figure 3. The
designed width and height of micromechanical spring were
5 and 20 pm, and the length of spring was varied for
different spring stiffness. In two cases of 1000 and 600 um
spring length, the length of aligned CNT array was 6.5 and
4.7 pm, respectively, as shown in Figure 3(a) and (b).
Corresponding spring constants for the two cases are
calculated to be 6.7 and 31.3 N/m based on fixed-fixed
boundary condition and point load at the center of spring
with silicon Young’s modulus of 169 GPa in <110>
direction. It is noteworthy that the length of CNT arrays
grown without compressive stress was apparently much
longer than the stressed CNT arrays. The length of
stress-free CNT array was above 10 um in both cases, and
this can be observed in Figure 3(a) and (b). Furthermore, as
shown in Figure 3(c) and (d), the CNTs stressed by the
micromechanical spring during the growth process were
rather entangled and collapsed compared to those grown
without vertical load by spring. As a result, applied
compressive stress during the CVD process induced
buckling of the CNTs, and this influenced on the final
length of the aligned CNT array. These experimental
results are plotted in Figure 4. While the lengths of two
cases of stress-freely grown CNT arrays were almost
identical, the lengths of stressed CNT arrays were
dependent on the stiffness of micromechanical springs.
The length ratio between stress-free and stressed CNT
arrays was 1.6 and 2.2 for the spring stiffness of 6.7 and
31.3 N/m, respectively.

The buckled and less-aligned morphology of CNTs
observed in Figure 3(c) and (d) may affect defectiveness
inside the individual CNT. This was confirmed by
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Figure 5: Raman spectra of the stress-free CNTs and
stressed CNTs. When the CNTs were synthesized under
compressive stress, the I(D)/I(G) ratio was increased
indicating defectiveness increase.
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micro-Raman spectroscopy with a 514 nm argon-ion laser
illuminated on a spot of 1 um in diameter in the middle of
CNT arrays. The Raman spectra were obtained for the
stress-free CNT array and the stressed CNT array (spring
stiffness = 31.3 N/m) in Figure 3(b). As shown in Figure 5,
the intensity ratio between the D- and G-band (I(D)/I(G))
of stress-free CNTs was 1.01, and it increased abruptly to
1.23 when the CNTs were grown under compressive stress.
The effect of compressive stress on the defectiveness and
the resultant properties of CNT array will be further
investigated in the future.

CONCLUSIONS

In summary, we experimentally demonstrated
length-controlled synthesis of CNT array using precisely
adjusted and differently applied compressive forces by
micromechanical springs during CVD process. When CNT
array was grown under compressive stress, the CNTs were
less-aligned and buckled, and as a result, the final length of
CNT array decreased. This buckled morphology of the
CNTs may have contributed to the increase of
defectiveness inside the CNTs according to the Raman
spectra analysis. Our approach to adjust the length of
CNTs and the amount of internal defects could be applied
to various MEMS devices which require aligned CNT
arrays for advanced functionality.
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