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olded and corrugated structures are a
long-standing fascination spanning
mathematics, physics, biology, and en-
gineering. For example, the tunable struc-
tural compliance of folded bellows makes
them widely used as mechanical springs,
linear actuators, couplings, and moving
seals; and re-entrant forms with high sur-
face area are utilized in heat exchangers and
filters. Re-entrant features are also essential
to the performance of biomimetic actuators,’
smart adhesives,? superhydrophobic,® self-
cleaning,” and omniphobic,” surfaces. Further,
materials having re-entrant internal topolo-
gies can exhibit novel mechanical properties
including negative Poisson's ratio® ¢ The
ability to miniaturize folded and corrugated
structures would thus be highly beneficial for
the development of new microsystems, en-
gineered surfaces, and metamaterials.
Nevertheless, it remains difficult to man-
ufacture folded and re-entrant shapes in a
scalable manner at small scales. Fabrication
of re-entrant geometries often requires ver-
tical structuring, which is typically done
using multistep deposition and lithographic
etching processes, or by rapid prototyping
methods such as stereolithography,®'® mul-
tiphoton lithography,'""'? and focused ion
beam (FIB) processing.'® While these latter
approaches can create arbitrary forms, their
serial nature is only practical for small
production volumes. Additionally, lithogra-
phically patterned thin films have been
folded out of plane by “micro-origami” meth-
ods, using residual stresses,'*'> capillary
forces,'®"” or magnetic forces'® to initiate
folding. While these methods have demon-
strated unique structures including vertical
micromirrors and intricate closed polyhe-
dra, stacking of sequentially folded micro-
architectures has not been achieved.
Recently, many promising applications of
vertically aligned carbon nanotube (CNT)
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ABSTRACT Deterministic organization of nanostructures into microscale geometries is essential

for the development of materials with novel mechanical, optical, and surface properties. We

demonstrate scalable fabrication of 3D corrugated carbon nanotube (CNT) microstructures, via an

iterative sequence of vertically aligned CNT growth and capillary self-assembly. Vertical microbe-

llows and tilted microcantilevers are created over large areas, and these structures can have thin

walls with aspect ratios exceeding 100:1. We show these structures can be used as out-of-plane

microsprings with compliance determined by the wall thickness and number of folds.

KEYWORDS: carbon nanotubes - three-dimensional - microstructure - spring -

anisotropic - self-assembly

“forests” have been demonstrated, in-
cluding biomimetic adhesives,'®~2 elastic
foams,?* filtration membranes,® and ther-
mal interfaces;?® however, the geometries
of CNT forests and patterned microstruc-
tures have been largely restricted to simple
vertical and sloped shapes,?” Nevertheless,
we envision that an ability to make complex
3D microstructures out of CNTs, which are
inspired by the geometry and applications
of macroscale folded structures, could lead
to further novel investigations. To this end,
we present a method for high-throughput
fabrication of corrugated three-dimensional
(3D) CNT microstructures, enabling the en-
gineering of novel multilevel architectures
with both symmetric and asymmetric geo-
metries. This method combines top-down
lithographically patterned growth of car-
bon nanotubes (CNTs) with bottom-up lo-
cally directed elastocapillary self-assembly
(“capillary forming”).

RESULTS AND DISCUSSION

Figure 1A shows the iterative process by
which hollow cylindrical CNT microstruc-
tures are formed into corrugated re-entrant
shapes. The process begins by lithographic
patterning of a catalyst film (1 nm Fe
on 10 nm Al,Os3, deposited by e-beam
evaporation) on a silicon wafer, followed

ACR NN/
VOL.5 = NO.9 = 7310-7317 = 2011 Axﬂ\%i{\j

* Address correspondence to
ajohnh@umich.edu,
michael.devolder@imec.be.

Received for review June 11, 2011
and accepted July 31, 2011.

Published online August 01, 2011
10.1021/nn202156q

©2011 American Chemical Society

7310

WWwWw.acsnano.org



cycle 1.5 cycles 2 cycles

Catalyst CNT growth

Capillary forming

patterning condensation evaporation forming

CNT growth Capillary

CNT growth

Low'density
1 hn

{

i

AR A LA
."‘ré"i*

1.5 cycles FANARAIAATAN
s

Figure 1. Fabrication of cylindrical CNT microbellows by iteration of growth and capillary forming: (A) schematic illustration
of the iterative process; (B) SEM images of a cylindrical CNT microstructure before and after capillary forming (1 cycle), with
close-up images emphasizing the densification of aligned CNTs; (C—E) SEM images of microstructures after consecutive
growth, forming, and growth cycles, reaching 2.5 cycles in image E.

by growth of vertically aligned multiwall CNT “forest”
microstructures by thermal CVD at atmospheric pres-
sure (see Methods).?® The CNT forest microstructures
have straight walls, representing an “extrusion” of the
catalyst pattern perpendicular to the substrate. Next,
the straight CNT microstructures are transformed into
sloped shapes by condensation and subsequent eva-
poration of liquid on the substrate. In this capillary
forming step,”® the self-directed capillary action of
liquid in the aligned CNT network causes the CNTs to
densify*°~3* by the well-known elastocapillary aggre-
gation mechanism,>**° and the distribution of capil-
lary forces throughout the microstructure results in an
overall shape transformation.”®*' For example, the
hollow cylindrical CNT microstructures become sloped
cones after capillary forming (Figure 1), and the slope
angle is determined by the initial wall thickness of the
cylinder, which adjusts the balance between capillary
forces and structural deformation.

The combination of a single CVD growth and capillary
forming operation, which we reported previously,? is
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the first cycle of the iterative process that is used to create
corrugated structures. lteration is possible because the
CNT growth catalyst, which remains on the substrate at
the base of the CNTs, can be reactivated*** by simply
repeating the CVD growth after capillary forming.
Therefore, the geometric attributes of the folded
CNT structures are easily specified: the number of folds
is controlled by the number of process cycles, and the
height of each layer is determined by the correspond-
ing CNT growth time. Starting with a short hollow
cylinder of CNTs (first growth step), the first capillary
forming step gives a sloped microwell (Figure 1B);*° the
second growth step lifts the well from the substrate
(Figure 1Q); the second capillary forming step shapes
the newly grown portion (Figure 1D), without chan-
ging the shape of the upper portion made during the
first cycle; and the third growth step lifts the structures
made during the first two cycles (Figure 1E). Because
liquid is confined within each structure during capillary
forming, arrays of structures with greatly different
lateral dimensions (ie, from <10 um to >100 um,
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as in Figure 1C) can be fabricated in close proximity on
the same substrate, thus enabling integration of het-
erogeneous architectures in a scalable way. All the
structures are defined by the single photolithography
step that patterns the catalyst islands; therefore no
secondary alignment or lithography steps are needed.

P
Section
By

Figure 2. Analysis of the interlayer between sections of a
corrugated CNT structure: (A) schematic of section location,
and image of pristine joint; (B) FIB cross-section, revealing
the interface between the CNTs that are drawn to the substrate
during capillary formation (above the dashed arc), and the
CNTs produced by the subsequent growth step (below the
line); (C,D) transition of aligned CNTs from the sloped
sidewall to the interface.
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Notably, capillary forming of a newly grown (bottom)
section does not disturb the geometry of the previously
made (upper) section. When this newly grown
portion is capillary formed, it takes a concave shape
(Figures 1D and 2A), indicating that it is constrained
rigidly on both its top and bottom surfaces. This
constraint is provided by a stiff layer formed at the
interface between sections of the corrugated struc-
tures (Figure 2A), which enables the formation of
subsequent re-entrant structures. The interlayer forms
because the CNTs at the base of the structure are
pulled down to the substrate by the surface tension
of the liquid during capillary forming. The stiffness of
the interlayer is enhanced by the self-organization of
CNTs during the following growth step, representing
the tangled “crust” which is typically observed at the
top of CNT forests.***> We examined the internal
structure of this interface by taking a focused ion beam
(FIB) cross-section (Figure 2B), and note the CNTs
transition smoothly from the sloped section to the flat
interlayer (Figure 2C,D).

After observing this interlayer, we sought to learn if
similar re-entrant shapes could be fabricated using a
single CVD step with pulsed gas flows, and a single
capillary-forming step after the CVD process. Our idea
was to interrupt CNT growth by stopping the hydro-
carbon (C,H,;) flow, and to repeat this interrupted
sequence for the desired number of cycles. As shown
in Figure 3, this alternative approach does not lead to
the re-entrant circular shapes, because the stiff inter-
layer is not created. For example, interrupting the C;H,4
flow while keeping the temperature constant gives
horizontal “stripes” on the CNT structures (Figure 3A),
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Figure 3. Investigation of pulsed gas and temperature sequences for the fabrication of corrugated microstructures, where
one capillary forming operation was performed after the complete sequence: (A) pulsing of hydrocarbon source only,
resulting in “striped” microstructures that densify uniformly without re-entrant shapes; (B) pulsing of both hydrocarbon
source and temperature, resulting in slight re-entrant curvature.
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but the structures densify uniformly from bottom to
top. Interrupting the C,H, flow and cycling the furnace
temperature results in slight re-entrant curvature
(Figure 3B), indicating that the structure of the forest
is modified at the location of the interruption, but this
segment also contracts inward upon densification. In
contrast, when CVD and capillary forming steps are
alternated as discussed previously, the perimeter of the
stiff interface between the segments does not densify
and remains the same as the initial catalyst shape
(Figure 1). In the preferred method, the CNTs at the
base of the newly grown segment are pulled down-
ward to the substrate during each capillary forming
step. Therefore, the stiff interlayer that pins the re-
entrant shapes forms due to the interaction between
the bottom of the CNT structure and the substrate
during capillary forming, and the self-organization of
CNTs at the beginning of each growth step.

Next, we investigated the utility of the cylindrical
CNT “bellows” shown in Figure 1 for use as vertical
microsprings. Microspring arrays are used commer-
cially in probecards for the testing of electronic
devices.*®*” The need for arrays of compliant springs
with a small footprint has stimulated the development
of complicated multistep electrodeposition and wire-
bonding processes for fabrication of overhanging
microcantilevers.*” We found that the properties of
the corrugated CNT microsprings can be tuned on the
basis of their geometry alone, and their vertically
compliant design gives these springs a small footprint.

Figure 4A shows an exemplary array of vertically
structured springs, where the wall thickness increases
from left to right across the array. The height of each
segment is shown in Figure 4B. The stiffness of each
spring was measured using a nanoindentation tool
(MTS Nano Indenter XP), by compressing the spring
using a spherical tip that was aligned to the center of the
spring. Use of a large tip with 250 um diameter ensured
measurement of the collective elastic properties of each
microspring rather than the local (nanoscale) properties.
Two arrays of springs were tested: one with a single fold
(2 cycles, similar to Figure 1E); and one with two folds
(3.5 cycles, as shown in Figure 4). After growth and
forming, the springs were coated with 200 nm of
Parylene-C. This coating step approximately doubled
the stiffness of the structures, and significantly in-
creased their elastic range. In total, approximately 50
springs were individually compressed three times each.
Typical load-unload curves for springs with different
wall thicknesses are shown in Figure 4C.

The compliance (reciprocal of the stiffness) of the
springs is inversely related to the wall thickness, as
shown in Figure 4D. This relationship is understood by
modeling the mechanical behavior of the microbe-
llows. We observed that the geometry of the structures
is analogous to a series of conical disk springs (aka
“Belleville washers”) used in mechanical systems, and

o @Q Qo 35r)yue‘
ocopobb
OO0 OO0
OO0 O
QOO0 0O OO0
0 0 0 Gite

Y=)
(& ]
o
(@)
Qo

1]
850
200
J=1°)
Qo0
,G}C)

L L
Wall Thickness
3 pm —
5.5 pm  e—
Spm e—

Q
o

Force [mN]

100 200 300 400 500 600 700 800 900 1000
Displacement [nm]

— Predicted
Measured
80 _8 1
E £
=S E
2 @
= Qo
) 60 |- ]
= ° 3.5 Cycles
5 5
a0 | 3
g) ______
12 2r

o
o
T

Wall thickness [um]

Figure 4. Tunable compliance of corrugated CNT micro-
springs: (A) array of springs with wall thickness increasing
from left to right, processed for 3.5 cycles; (B) row of springs
with identical wall thickness, and height measurements of
the subsequent regrowth segments; (C) load—displacement
curves for parylene-coated microsprings with a wall thick-
ness of 3—10 um; (D) measured and predicted compliance
of individual parylene-coated springs versus wall thickness.

we found that the compliance of the CNT micro-
bellows can be predicted using conventional disk
spring equations.”®* Thus, the compliance (S) of a
microspring is

nd,> L

= —° 4 - 1
AKEys? | ELA M

In the first term of this equation, n is the number of
processing cycles, d, is the outer diameter of the
bellows, k is a geometry factor for conical shells (here
1.5), Eq4 is the elastic modulus of the capillary formed
CNT wall, and s is the wall thickness. The second term of
eq 1 applies to the structures made with 3.5 cycles and
represents the compliance of the bottom section
which was not densified. The compliance of this sec-
tion is proportional to its height L, and inversely
proportional to the product of the elastic modulus of
the undensified CNT forest (E,) and the area of the
cylinder A.

As seen in Figure 4D, the predicted and measured
values show similar trends, confirming that the com-
pliance is inversely proportional to s*. The compliance
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is tuned 20-fold by varying the wall thickness by
catalyst patterning, and varying the number of corru-
gations, while keeping the outside diameter of the
spring constant. Therefore, wide-range and local con-
trol of the mechanical properties of the microsprings is
enabled solely by choice of the processing parameters.

The properties of the corrugated CNT microstruc-
tures presented here can be compared to CNT forests
known as supercompressible CNT foams.?* The pre-
vious foams are nonpatterned CNT forests comprising
large-diameter multiwall CNTs with a relatively high as-
grown packing density. The reported average mechan-
ical stiffness of CNT foams is 26 kPa/um, giving an
elastic modulus of E =50 MPa for a bulk pore density of
87%. The corrugated bellows fabricated in this study
can be considered as building blocks for microporous
CNT foams while permitting 3D control of the foam
topology along with the elastic properties. In the CNT
bellows, the elastic modulus of the densified CNT
wall is 4 GPa, and the stiffness is tuned from 25.5 to
127.5 kPa/um by changing the wall thickness s and the
number of cycles. This, in turn, varies the microporosity
(the portion of empty volume within the bellow) from
87% to 94%. While the previous supercompressible
CNT forests can withstand at least 20% of fully elastic
strain, the bellows structures shown in Figure 4 crack
and exhibit plastic deformation at strokes leading to
strains larger than 5%. Nevertheless, the springs shown
here recover fully upon compression of up to ~5 um
(depending on wall thickness), and the reported com-
pliance is for the fully elastic range.

Additional compression tests were performed to
investigate the failure mode of the CNT microsprings.
As shown in Figure 5, arrays of uncoated springs
(2 cycles) were intentionally compressed far beyond the
elastic regime. As seen in the close-up images, the walls
of the springs either buckle or tear. Cracks propagate in
a direction locally parallel to the CNTs. This behavior is
corroborated by the force-displacement curves (D),
showing that the pillars do not recover elastically.
The observed failure modes may be exacerbated
by local variations in CNT density or by misalignment
of the spherical compression tip, causing local stress
concentrations. We envision that coating the CNTs
with thin layers of polymer or ceramic (e.g., by CVD or
ALD) procedure could greatly enhance the robustness
of the springs by reinforcing the lateral interaction
among the CNTs. Investigation of the fatigue life of the
springs, within the elastic range, will also be necessary.

In addition to axisymmetric bellows, anisotropic
corrugated structures can be made starting from asym-
metric catalyst patterns, as shown in Figure 6A. We
previously found that capillary forming of semicylind-
rical CNT micropillars causes the pillars to determinis-
tically bend during densification, toward the curved
side of the semicircular cross section (Figure 6B).2%*'
Now, we show that iteration of growth and forming of
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Figure 5. Failure modes of corrugated CNT microsprings:
(A) array of cylindrical microsprings (2 cycles) before in-
dentation; (B) same array after compression with large

(>5 um) stroke; (c) close up of microsprings after compression,
showing cracked and buckled areas; (d) force-displacement
curves of springs highlighted in panels B and C.

semicircular shapes creates intricate overhanging canti-
levers with multiple folds (Figure 6C—F). The structures
can be packed in dense arrays and oriented in any
direction (e.g., Figure 6E). We anticipate that these slanted
structures will be particularly useful in design of surfaces
with anisotropic wetting properties®® and directional
adhesives;*>' where the asymmetric geometry, nano-
scale texture, mechanical compliance, and strong van der
Waals attraction of the CNTs could be advantageous.
Additional structures shown in Figure 7 highlight the
current dimensional limitations of the corrugation
technique. First, as shown in Figure 7A, tall structures
that have been processed for many cycles can become
fragile and fall over, or are aggregated by capillary
forces. At these limits, the robustness of the structures
is limited by the decay of CNT density that occurs as the
total growth duration (number of cycles) increases.>?
The CNT growth rate also decreases with each cycle, as
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Figure 6. Fabrication of corrugated CNT cantilevers by the iterative growth-forming process: (A) schematic of process
sequence; (B) individual cantilevers after consecutive processing cycles; (C) unidirectional and multidirectional arrays,

processed for 2.5 and 3.5 cycles.

Figure 7. Dimensional limits of the corrugation process:

(A) aggregation of hollow, tall, closely spaced structures after
3.5 cycles; (B) solid square patterns that form internal voids
due to elastocapillary aggregation (3.5 cycles); (C) large-area
micropillar with honeycomb core made by prepatterning
array of holes within the pillar (2.5 cycles); (D) cylindrical
microcontainers created by capillary folding of thin CNT
sheets followed by a second growth step (1.5 cycles).

a longer time is needed to produce consecutive seg-
ments of equal height. Another limitation is shown in
Figure 7B, where relatively large-area pillars exhibit
internal voids due to elastocapillary aggregation of CNTs,
unlike the smaller structures that densify into a void-free
structure.*® Formation of voids can be controlled by
prepatterning holes within the area of the CNT forest,
as shown in Figure 7C. In both cases of void formation,
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the corrugated topology can still be made by iterative
processing. In the latter case, the prepatterned voids
transform into a reinforcing honeycomb core upon
capillary forming, and the walls of the honeycomb shown
are less than 300 nm thick. The aspect ratio (height/
thickness) of the honeycomb walls, as well as the conical
shells of the bellows shown earlier (Figure 2B), can exceed
100:1. This is beyond the typical capabilities of micro-
fabrication thin vertical structures, including use of X-ray
lithography to pattern high-aspect-ratio polymer features
at sub-micrometer scale.> Finally, intricate closed micro-
containers (Figure 7D) are fabricated by capillary forming
of short hollow concentric CNT cylinders, which fold
inward during capillary forming, and are lifted up from
the substrate in the second growth step.

CONCLUSION

We presented a new 3D structuring method for
vertically aligned nanostructures, via an iterative se-
quence of CVD growth of CNTs and elastocapillary self-
assembly. We fabricated a wide variety of 3D CNT
microstructures, including circular bellow springs with
controllable compliance, arrays of anisotropic and
multidirectional features. We envision that our ap-
proach to create novel corrugated structures can be
applied to the fabrication of many other nanostructure
geometries and can be combined with known meth-
ods to engineer the diameter and packing density of
CNTs (ie., for single-wall*? or multiwall>*~>® forests) as
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well as many types of nanowires. By calibrating the
time-dependent growth rate of the CNTs and by
automating the growth and forming sequence,
highly intricate structures with tens of corrugations
should be possible. Corrugated spring designs that
combine micromechanics with the collective elastic
properties of aligned CNTs may offer further tunabil-
ity, including management of both energy storage

METHODS

CNT Growth. CNT forest microstructures are fabricated on
thermally oxidized (100) silicon wafers on which 10 nm of Al,O3
and 1 nm Fe are sequentially deposited by e-beam evaporation.
The catalyst s patterned by liftoff using photoresist SPR 220 and
ultrasonic agitation in acetone followed by an isopropyl alcohol
rinse. Next, CNT forests are grown in a horizontal tube furnace
(22 mm ID, 300 mm heated length) at atmospheric pressure,
with flows of 100/400/100 sccm C,H4/H,/He, at 775 °C. The CNTs
are rapidly cooled in the growth atmosphere before purging the
CVD chamber with He. This is done by opening the tube furnace
once the desired growth time is achieved. Typical growth times
for the structures shown in this paper are 0.5 min for the first
cyle; 1 min for the second cycle; 1.5 min for the third cycle; and
2 min for the last growth.

Capillary Forming. First, a small amount of acetone (~20 mL)
is heated in a large beaker (1 L) on a hot plate. Once the
acetone is boiling, the Si substrate containing the CNT struc-
tures is attached to an aluminum mesh and is inverted over
the beaker. The lower temperature of the Si substrate drives
the condensation of the acetone, which in turn causes the
CNTs to densify by capillary action. A more complete descrip-
tion of this process and its geometric limits has been pub-
lished separately together with a detailed description of the
experimental setup.*°

Compression Testing. The stiffness of the corrugated micro-
springs was measured using a nanoindentation tool (MTS Nano
Indenter XP) with a 250 micrometer-spherical tip. First, the tip is
aligned to the bellow using a microscope. Each spring was
indented three times, and three different springs with the same
dimensions were tested. Indentations ranging from 1 to 6 um
were performed.
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