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Carbon nanotube forests are arrays of roughly vertically aligned nanotubes. Under certain
growth conditions, these forests can show a growth instability that gives rise to periodic
ripples that are coherent over a forest-sized scale. Previously, we showed that the unifor-
mity and synchronization of the ripples is sufficient for them to behave as diffraction grat-
ings for visible light. Here, we identify the conditions that reproducibly promote the
formation of these ripples. We investigate the formation mechanism via ex situ scanning
electron microscopy and in situ optical imaging. While the rippling amplitude varies appre-
ciably, the rippling wavelength varies very little and can be estimated from simple mechan-
ical considerations. We provide evidence that the rippling is a consequence of cohesive
interactions between nanotubes and the build up of strain, driven by a non-uniform growth

rate. The origin of the non-uniform growth rate is explained.
Crown Copyright © 2011 Published by Elsevier Ltd. All rights reserved.

1. Introduction

The growth of vertically aligned carbon nanotube forests is
studied extensively because it represents one of the highest
yield methods of nanotube growth. Originally observed in
multi-walled carbon nanotube (MWCNT) samples, vertically
aligned single-walled carbon nanotube (SWCNT) forests are
now the focus of much attention. Over large length scales,
the nanotubes in forests appear densely packed and, on aver-
age, very straight and well aligned. However, closer analysis
via scanning electron microscopy (SEM) reveals that, on the
micrometer scale, forests are mostly empty space filled with
individual nanotubes and bundles of nanotubes that are far
from straight, and instead meander back and forth in a seem-
ingly random and disordered manner. Under certain growth
conditions, the meandering becomes highly ordered, coher-
ent, and synchronized over lengths of hundreds of pym such
that the sidewalls of the forest have a rippling pattern on

them. Previous reports of ripples on as-grown forests, such
as in the present report, include ripples on forests grown with
externally applied forces in situ [1], wandering nanotubes in
forests due to specific catalyst pretreatment and preparation
methods [2-5], ripples near the base of tall forests [6,7], and
ripples due to a temperature non-uniformity in micrometer
scale local heating [8]. A similar rippling pattern can also oc-
cur on forests (composed of initially straight nanotubes) that
are intentionally subjected to externally applied mechanical
compression ex situ [9-11]. The interactions between nano-
tubes have previously been shown to be important for forest
morphology [6-8,12-19], and will be considered here.

In the present report, the forests are not compressed by
external forces. The rippled nanotubes self-assemble during
chemical vapour deposition (CVD) growth of the forests with-
out any intentional special catalyst preparation or pretreat-
ment, and are, most importantly, entirely reproducible.
Remarkably, the ripples we obtain are sufficiently regular over
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a large enough area that they produce an easily observed opti-
cal effect: iridescence caused by the diffraction of visible light
via a surface grating effect [20]. This iridescence provides a
means to observe the ripples optically since they are too small
for direct observation with visible light. In particular, it allows
us to observe the ripples in situ and thus provides valuable
clues to the nature of the formation mechanism responsible
for these ripples. We identify the reactor conditions that pro-
mote the formation of ripples. Using in situ observations as
well as ex situ SEM observations, we support a formation
mechanism: the ripples are a growth instability caused by
the build-up of strain within the forest as it grows due to a dif-
ference in growth rate between different nanotubes in the
forest.

2. Experimental procedures

Samples were grown by water-assisted [21] CVD using acety-
lene as the carbon source [22-25], and alumina/cobalt thin
films as the catalyst. We used a cold-walled CVD reactor, oper-
ated at atmospheric pressure, as described in our previous re-
ports [12,26], with additional details given in [27,28]. The
carbon source was supplied as dilute acetylene gas (0.1%
C,H,,99.9% Ar), assisted by hydrogen (2% H,,98% Ar) and
water vapour obtained by passing pure Ar through a bubbler.
Samples were ~ 0.3 cm? square pieces of 0.5 mm thick Si with
1 pm thermal SiO,, and catalyst layers of nominally 250 nm
Al,05 and 0.8 nm Co deposited by e-beam evaporation through
a shadow mask to produce 100 um to 800 pm diameter circles
in evenly spaced patterns. Some samples were also prepared
using photolithography, but they are not presented in detail
here. Forests grown under this range of conditions are
expected to consist of a mixture of MWCNTs and SWCNTs
[12].

In the present report, we vary the temperature and the
source gas flow rate (see Appendix for procedural details). Un-
less otherwise stated, all forest growth self-terminated with-
out external intervention such as stopping the flow of the
carbon source. No external forces are applied to the forests
during growth or after growth. In situ optical images and vid-
eos were acquired through the large glass window in the reac-
tor using a long focal length optical microscope and digital
camera at a glancing angle of ~5° to the substrate. Ex situ opti-
cal images and videos were acquired using the same micro-
scope and camera in a different configuration. SEM images
were obtained ex situ using a Hitachi S-4700 field emission
SEM.

3. Results

Terminal forest heights H; for the rippled forests varied from
~200 um to ~500 pm for the 100 um diameter forests and were
~1mm for the 700 and 800 um diameter forests. Maximum
forest height, top surface concavity, and curvature of the side-
walls all occurred around 760 °C and 180 sccm source gas flow
rate. Ripples form reproducibly on forests grown in the tem-
perature range 730 °C < T < 800 °C at a source gas ( C,H,) flow
rate of 180 sccm, with the most prominent ripples (largest
amplitudes) appearing around 760 °C. For forests grown at

temperatures progressively further from 760 °C, the height,
concavity, and curvature of the sidewalls all decreased, while
the ripples simultaneously disappeared (their amplitude van-
ished). Outside of the above temperature range no rippling oc-
curred; the top surfaces of the forests are flat and the
sidewalls are smooth and vertical.

A similar trend was observed for the C,H, flow rate depen-
dence. Rippling occurred reproducibly for source gas flow
rates (other gas flow rates fixed) between 100sccm and
220 sccm at a growth temperature of 760 °C. The most prom-
inent ripples occurred around 180 sccm: the same flow rate as
the maximum forest height, concavity, and curvature of the
sidewalls. At gas flow rates progressively further from
180 sccm, the height, concavity, and curvature of the side-
walls all decreased, while at the same time the ripples disap-
peared by diminishing amplitudes. Outside of the above flow
rate range there are no ripples, the top surfaces of the forests
are flat, and the sidewalls are smooth and vertical. Unlike the
amplitude, the wavelength of the ripples did not vary much or
show a clear trend with any change in the growth parameters.

The smaller diameter forests (100 um) had ripples over
most of the temperature and flow rate ranges analyzed, while
the larger diameter forests (700 um) had ripples only over a
narrow temperature and flow rate range centered on 760 °C
and 180 sccm. This suggests that there is a dependence on
catalyst island size.

The rippling on the forests’ sidewalls is synchronized over
length scales similar to the size of the forest (see Fig. 1a). The
rippling is characterized by smooth consistent curves without
any sharp kinks or bends. For any given nanotube, the rip-
pling occurs in a plane, thus they are not helixes such as
those observed in other systems [29]. The ripples generally
encircle the entire forest (Fig. 1a) from near the top on the
curved portion of the sidewalls (Fig. 1b) and down the vertical
sidewalls (Fig. 1c-d) where the amplitude slowly fades to zero
(Fig. 1e-f) before reaching the base of the forest, where the
nanotubes appear straight. In some previous reports, the rip-
ples were observed to form only at the base of the forest [6,7].
Here, the ripples extend for a significant portion of the forest
height, as seen in an earlier report [8]. Furthermore, all nano-
tubes on the forests’ sidewalls participate in the rippling; no
straight nanotubes are visible, in contrast to several other pre-
vious studies [2,3].

The ripples have a clearly defined and measurable wave-
length and amplitude (see Fig. 2a for an example). The rip-
pling amplitude was measured using SEM by looking
tangentially to the circular cross section of the cylindrical for-
ests. This shows the wave-like profile of the ripples, as shown
in the example in Fig. 2a. The amplitude can then be simply
measured as the height of the wave-like profile. From analyz-
ing many forests, the amplitude is observed to vary from one
forest to another, ranging from as large as ~1 pm to as small
as zero. Although the rippling amplitude decreases gradually
from the top of any given forest to the bottom, the variation is
slow enough that it appears approximately constant (extre-
mely slowly varying) over short distances of several tens of
um (see Fig. 2a).

The wavelength can be measured in the same way as the
amplitude, though most wavelength measurements were
taken using SEM looking normally toward the rippled
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Fig. 1 - SEM images of rippled forest. (a) Top part of forest (~350 pm tall) grown on a 100 pm diameter catalyst island. This
image was constructed from several individual SEM images. (b—f) Close-ups of indicated areas in (a). The ripples in (b) appear
to have a short wavelength because the forest is curving away from the plane of view. This forest was grown at 730 °C using
180 sccm G,H, flow rate.

sidewalls, similar to Fig. 3c. For such wavelength measure- that can distinguish the individual nanotubes. From analyz-
ments, a high contrast between the peaks and valleys of ing many forests, the wavelength is observed to vary between
the rippling pattern is more important than a high resolution ~300 nm and ~1 um. This length is similar to the length scale
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Fig. 2 - SEM images of ripples on 100 pm diameter forests. (a)
Wavelength and amplitude seen looking tangential to the
forest circumference (at a glancing angle to the outer wall of
the forest). (b) Forest (horizontal orientation) split open
along its length, showing the amplitude decreasing to zero
toward the center of the forest. The view is along the forest
radius, looking into the split, toward the center of the forest.
This image was constructed from several individual SEM
images. These forests were grown at 730 °C and 760 °C
respectively, using 180 sccm GC,H, flow rate.

that wandering nanotubes in a forest typically come into
contact with one another [12,13]. While the wavelength did

Fig. 3 - SEM images of rippled forest (700 pm diameter,

~1 mm tall). (a) Entire forest viewed at 45°. (b) Close-up
image of larger box in (a) showing ripples over a wide area.
(c) Close-up of box in (b). The ripple spacing is 470 + 10 nm.
This forest was grown at 760 °C using 220 sccm C,H, flow
rate.

not vary significantly over short distances of several dozen
pum on any given forest, it did vary significantly from one for-
est to another, even forests grown under the same conditions
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or on the same growth substrate. The wavelength showed no
clear trend with location on the forest.

While there are areas of several um? of approximately con-
stant wavelength and amplitude on many forests, there are
occasionally abrupt changes from one wavelength and/or
amplitude to another (see Fig. 1d). Such changes in wave-
length are “faults” or “dislocations” in which ripples of simi-
lar wavelength become locally mismatched, as is apparent in
Fig. 1c.

In situ optical monitoring during growth reveals that all the
nanotubes in a forest start growing at the same time from the
flat substrate (see our previous reports [12,26]). It also reveals
that the top surface of the forest becomes concave as soon as
the forests begin to grow, and it quickly evolves to its final
form (see Fig. 1la and Fig. 3a) within a few minutes after
growth is initiated (under the present growth conditions).
The concave top surface must then be caused by the outer
nanotubes of the forest growing faster than the inner nano-
tubes, clearly demonstrating the existence of a growth rate
difference. This growth rate difference is well defined by the
shape of the concave top surface. All rippled nanotube forests
observed in the present report have concave top surfaces,
which leads us to believe that, in the present case, concavity
and rippling are intimately related.

Because of their small size, ripples are not directly obser-
vable using optical imaging. Previously, we showed that rip-
pled forests, such as those in the present report, can be
observed optically via diffraction because they behave as grat-
ings [20]. This effect allows their periodicity to be directly cal-
culated from the simple grating equation, and shows that the
ripples are very consistent over significant areas, for if they
were not, clear diffraction patterns, such as those observed
here, would not be seen. By comparing the optically deter-
mined grating spacing with the rippling wavelength deter-
mined from SEM images of the same location on the forest
as the diffraction, we correlate the diffraction to the rippled
nanotubes. The fact that diffraction occurs in the visible re-
gion of the spectrum is itself an indicator that the wavelength
and amplitude of the ripples are the order of magnitude as the
wavelength of visible light.

In situ diffraction of white light is visible in Fig. 4a, which
is a frame from video S1 (see supplementary material); a red
patch of reflected light is visible on the far side of the grow-
ing forest’s curved sidewalls. An SEM image of this forest is
shown in Fig. 3, with the approximate location of the rippled
nanotube forest grating responsible for the diffraction indi-
cated. Ex situ optical examination of this forest allows the full
range of angles of incidence and observation to be analyzed.
Long working distance optical microscope observations of
diffraction in Fig. 5 show the results from this forest in
approximately the same location as seen in Fig. 4a and
Fig. 3. The observed colour changes from red to blue (a-j)
as the angle of incidence is swept across the sample in 4°
intervals. Based on the diffraction data the grating spacing
is 330 + 140 nm, which agrees with the 470 + 10 nm measured
by SEM [20].

Iridescence was also observed in situ from many smaller
100 um diameter forests growing simultaneously (see Fig. 4b
and supplementary material video S2), showing that this is
not an isolated phenomenon.

Fig. 4 - In situ optical images. (a) Growing 700 pm diameter
forest showing iridescence (red patch) from the far side of its
curved sidewalls. An SEM image of this forest is shown in
Fig. 3. Iridescence occurs near the area indicated in Fig. 3.
Here, the forest is observed at an ~5° glancing angle, but in
the same direction as in Fig. 3. See supplementary material
video S1. (b) Iridescence from multiple 100 pm diameter
forests. See supplementary material video S2. Both forests
were grown at 760°C using 220 sccm and 180 sccm C, H,
flow rates respectively. (For interpretation of the references
to colour in this figure legend, the reader is referred to the
web version of this article.)

By observing the iridescence from forests as they are
cooled post-growth in the reactor, we see that the diffracted
colours do not change, hence the wavelength of the ripples
does not change (see supplementary material video S3, which
shows a sample of 100 pm diameter forests). The post-growth
cooling process is therefore not involved in ripple formation.
Furthermore, this shows that the ripples are remarkably sta-
ble over a wide range of temperatures. Even as the tempera-
ture is reduced from ~800°C to room temperature (over a
factor of 3 in absolute temperature) the diffracted colours,
and hence the ripple wavelength, do not change at all, mean-
ing that any thermal expansion and other relaxation effects
are negligible. From in situ observations of iridescence, it is
clear that the ripples form during the growth of the forests,
and that they are minimally affected afterward.

To gain more insight into ripple formation, and because
the ripples are not directly observable via optical imaging, a
series of forests was grown under identical reactor conditions
and intentionally halted (prior to ordinary self-termination)
by stopping the flow of process gases after various growth
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Fig. 5 - Long working distance ex situ optical images
showing the diffraction grating effect from the forest in
Fig. 3 and Fig. 4a. Colours progress from red to blue (a-j) as
the angle of incidence is swept across the sample in 4°
intervals. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version
of this article.)

times and purging the reactor with pure Ar. Subsequent ex
situ SEM imaging of these forests reveals that ripples begin
forming within the first minute, before the top surface of
the forest has reached its final concave shape. On forests
intentionally terminated early enough (less than 10-20 min
of growth time, depending on reactor conditions), ripples
are observed to extend all the way to the base of the forest.
However, after longer growth times (more than 10-20 min),
the rippling amplitude near the base of the forest becomes
so small that ripples are not observable and the nanotubes
appear straight as they near the bottom of the forest, as seen
in self-terminated forests, such as Fig. 1a.

More insight into the nature and origin of these ripples
comes from destructively examining a forest. By breaking
open a forest with tweezers, it can be seen, using SEM, that
the inner most nanotubes in the forest (those nearest the cen-
ter of the circular cross section) are straight. Moving inward
from the sidewalls, where the outer nanotubes are rippled
with large amplitudes, toward the center, the amplitude of
the ripples decreases to zero (see Fig. 2b). Thus, the rippling
is not evenly distributed across the forest, unlike the random
distributions in several previous reports [2,3]. The distribution
observed here is different than a previously observed non-
random distribution [8].

4, Discussion

Several previously published reports observe rippling as a re-
sult of ex situ compression [9-11]. Cao et al. [9] and Pushparaj
et al. [10] see the nanotubes near the bottom of their forests
buckle when an external force is applied ex situ. The buckling
slowly disappears toward the top of the forest. They propose
that this buckling is due to the compression and the spatial
restrictions from neighbouring nanotubes. It is important to
note that the ripples observed in these reports are not formed
during the growth of the forest, but are instead formed after-
ward by applying an external force. Nevertheless, the visual
similarities can give insight into the present data.

Hart and Slocum [1] applied external mechanical compres-
sion to forests as they grew and showed that growing
nanotubes exert a force. The authors propose that the
mechanical force exerted by growing nanotubes and the lat-
eral constraint of neighbouring nanotubes forces them into
their “serpentine” structure. They noted that higher applied
forces produced ripples with smaller wavelengths and that
the wavelength decreased toward the base of the forest.
While these ripples did form during the growth of the forest,
it was a result of the externally applied force.

Some reports of ripples, such as those presented here, do
not involve the application of external forces, but instead
have ripples that naturally form during the growth process.
Rippling in specially prepared catalyst samples is observed
in several reports [2-5]. Qiang Zhang et al. [2] propose that
the ripples are caused by the close proximity of the nanotubes
to each other and a difference in the growth rate between dif-
ferent nanotubes in the forest that is caused by a non-uni-
form catalyst nanoparticle size. They see a mixture of
straight nanotubes (slow growing) and rippled nanotubes
(fast growing) and note a random distribution of the rippling
phenomenon. They also mention that the woven structure of
nanotubes at the top of the forest causes the faster growing
nanotubes to bend. Yingying Zhang et al. [3] similarly propose
a difference in growth rate caused by a non-uniform catalyst
nanoparticle size as the cause of the rippling. They see a ran-
dom distribution of the rippled nanotubes throughout the for-
est, but note that it is the smaller diameter nanotubes
growing from smaller catalyst nanoparticles that grow faster
and are thus forced to ripple. Yongyi Zhang et al. [5] propose
that their ripples are due to mechanical stresses in the forest
caused by a spatial growth rate difference from an intention-
ally non-uniform catalyst layer.
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Wang et al. [6] propose that different growth rates between
nanotubes cause the faster growing tubes to adopt curved
structures, both helical and zig zag. Their ripples become
more prominent later in the forest growth and seem ran-
domly distributed throughout the forest, mixed with straight
nanotubes. Bedewy et al. [7] see ripples only several um from
the base of the forest, and propose that their ripples are
caused by the collapse of the forest structure due to growth
cessation of individual nanotubes.

Dittmer et al. [8] see a non-random distribution of ripples
in their forests, though their distribution is essentially the
opposite of the present report (straight nanotubes on the
edges). They explain their ripples as a result of mechanical
interaction between nanotubes and a non-uniform growth
rate across their small forests that is in turn a result of a
non-uniform temperature across their sample due to their lo-
cal heating process.

The fact that ripples form during many different CVD pro-
cesses, indicates that ripples are not specific to any one
choice of source gas or reactor geometry.

As described above, several previous reports [2,3,5,6,8] pro-
pose that a growth rate difference was the cause of the rip-
ples. A key difference between the present report and most
of those reports [2,3,5,6] is in the distribution of the fast and
slow growing nanotubes within the forest. In those reports,
the distribution was random, but here the distribution is spa-
tially non-uniform. Another report [8] saw a non-uniform
growth rate distribution, but it is unlike the concentric growth
rate distribution observed here.

Morphological similarities between our rippled forests and
those which are generated by externally applied forces [1,9-
11] suggest that strain within the forest plays a role in ripple
formation.

Strain and a growth rate difference are linked together: a
growth rate difference will cause the faster growing outer
nanotubes to be strained by the mechanical force they exert
during growth [1] against the forest above the growth front,
which is held together by van der Waals interactions between
nanotubes. Relative to the faster growing outer nanotubes,
the forest is anchored to the substrate by the slower growing
inner nanotubes. The forest and substrate then behave as top
and bottom boundary conditions respectively and thus en-
force a uniform vertical growth rate (equal to the slower
growth rate of the inner nanotubes) upon all of the nanotubes
in the forest. This top boundary condition is similar to the wo-
ven structure described by Qiang Zhang et al. [2], but is more
than just a layer - it is the entire forest.

Rippling, then, is a growth instability that occurs to relieve
strain. Rippling allows the faster growing outer nanotubes to
grow to a longer length than the slower growing inner nano-
tubes in a given time interval, while still growing to the same
height above the substrate in that time interval. Spatial con-
straints due to neighbouring nanotubes then cause the rip-
pling [1-3,9,10] because all nanotubes are constrained to
wander within a narrow region of the forest. The long range
synchronization of the rippling pattern is due to the cohesive
van der Waals interactions between nanotubes.

The overall forest growth would proceed as follows. When
the forest begins growing, we suppose that the faster growth
rate of the outer nanotubes is at first accommodated by the

forest adopting the concave top surface, and later by the side-
walls curving in toward the center. This relieves strain in the
process by allowing the faster growing outer nanotubes to
reach their full length. As the forest gets taller it becomes
increasingly rigid, and these two mechanisms cannot relieve
all of the strain so the outer nanotubes begin to ripple. When
the forest is sufficiently tall (when the top surface has
reached its final shape) it can no longer relieve strain through
increased concavity of its top surface or curving in of the side-
walls because it is too rigid. It then enforces the rigid top
boundary condition over the growth front and the forest as
a whole grows at a uniform rate with rippling as the sole
means of strain relief. The concave top surface is therefore
linked to the rippling of the sidewalls of the forests, however,
it does not guarantee the presence of ripples if the growth rate
difference is not sufficiently large, as described below.

As more time elapses after growth initiation, the ripples
formed have progressively smaller amplitudes until the
amplitude eventually reaches zero, thus terminating the rip-
pling (see Fig. 1). We speculate that the rippling terminates
because the outer nanotubes’ faster growth rate decreases
faster and they stop growing sooner than the inner nano-
tubes. This results in a decreasing growth rate difference as
growth progresses, and therefore decreased mechanical
strain and rippling. It has previously been shown [26,30-33]
that the faster a nanotube grows (such as the outer nanotubes
relative to the inner nanotubes in the present case), the soon-
er it stops growing. We have previously reported [12] that, un-
der growth conditions similar to those used here, the outer
nanotubes of forests have a tendency to terminate before
the inner nanotubes and detach themselves from the sub-
strate. Similarly, Bedewy et al. [7] showed (via mass density
measurements of forests) that some nanotubes stop growing
before the forest reaches its terminal height.

It has been shown that a non-uniform catalyst thickness
can cause a growth rate difference and even cause rippling
[5]. Here, we can rule this out as the cause of the growth rate
difference and rippling. Edge effects are expected in the sha-
dow mask catalyst preparation technique, and these could re-
sult in a non-uniform catalyst thickness, and therefore affect
the growth rate. However, we also prepared some samples by
photolithography, for which much smaller scale edge effects
are expected. Both techniques resulted in the same growth
rate differences and the same rippling, so we can rule out cat-
alyst thickness variations as the cause.

For tall forests, it is sometimes speculated that the nano-
tubes impede the gas phase diffusion of the source gas
through the forest. We can rule this out as a cause of the
growth rate difference because, here, the growth rate differ-
ence exists even during the initial moments of growth when
the forests are still very short. This is demonstrated by the
increasing concavity of the top surface of the forest within
the first minute of growth. We thus conclude that diffusion
of the source gas through the forest is not the cause of the
growth rate difference. This conclusion is consistent with
previous reports [1,19,26,34].

A non-uniform temperature is known to cause a growth
rate difference, and it has even been shown to be the cause
of rippling when a sufficiently large difference is present [8].
Here, this is not the case as the heater is much larger than
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the catalyst islands and non-uniformities are generally small
(around +10 °C at the most).

The most likely origin of the growth rate difference is a
non-uniform local gas distribution across the catalyst island.
The inner catalyst nanoparticles are surrounded by other
nanoparticles consuming reactive carbon whereas the outer
catalyst nanoparticles are only partially surrounded by other
nanoparticles, and otherwise by non-carbon-consuming sili-
con dioxide. The source gas molecules impinging upon the
silicon dioxide are not used for nanotube growth and thus
create a larger local concentration of source gas near the edge
of the forest [34]. Because the outer nanoparticles therefore
receive more carbon than the inner nanoparticles, they grow
faster (under the present conditions, the growth rate is lim-
ited by the carbon supply because increasing the flow rate in-
creases the growth rate). Unlike the above diffusion through
the forest being impeded by the nanotubes, this is strict
gas-phase diffusion without impediment.

Given that C,H, will move by gas-phase diffusion, we
would expect that any variation in concentration across the
catalyst/substrate boundary would have a characteristic
length scale ¢, which is expected to be on the order of the
gas diffusion length (~1 um). We expect ¢ to be independent
of the size of the catalyst island. This then yields a differently
shaped gas distribution across the diameter of the catalyst is-
land for different sized islands, and hence produces the ob-
served nanotube growth rate profile. Different growth
profiles for different sized islands is possibly the reason
why we see the ripples form on the 100 um diameter forests
over a wider range of conditions than the larger forests.

To estimate the magnitude of the growth rate difference
involved in rippling, the rippled nanotubes on the sidewalls
of the forest are assumed to be sinusoidal with amplitude
100 nm and wavelength 700 nm, as seen in Fig. 2a. Therefore,
the rippled outer nanotubes are ~20% longer than the straight
inner nanotubes over one period. This length difference
therefore requires an ~20% faster growth rate for the outer
nanotubes when compared to the inner nanotubes. This esti-
mate is very sensitive to the amplitude/wavelength ratio. As
the amplitude decreases toward the base of the forest, the
growth rate difference will decrease as well. The growth con-
ditions that lead to ripple formation are those for which a suf-
ficiently large growth rate difference is present between
different nanotubes in the forest.

The amplitude of the rippling pattern depends strongly on
the growth conditions. We suppose then that variations in
amplitude from one forest to another on the same growth
sample are likely due to slight variations in local CVD condi-
tions across the sample. Conversely, we see no such depen-
dence for the wavelength, which does not generally vary
much for any given forest on the several um scale, as evi-
denced by the presence of clear diffraction patterns. The
wavelength of the ripples likely depends primarily on the
physical properties and density of the nanotubes in the forest.
Variations in wavelength from one forest to another on the
same sample are likely due to variations in the composition
of the forests, specifically the relative numbers of different
nanotubes [13] as defined by their diameter, number of walls,
and crystallinity. Variations within a forest, other than abrupt
changes due to “faults”, are likely caused by variations in the

local density of nanotubes, which is a result of nanotube wan-
dering and the growth cessation of some individual
nanotubes.

Finally, we can estimate the rippling wavelength by con-
sidering a pair of straight nanotubes interacting with each
other along their length L via a van der Waals interaction.
The cohesion energy of this interaction for one nanotube is
Eeo = €02 'bL, where ¢, ~25meV per carbon atom is the
binding energy between graphene sheets [35], @ ~ 0.026 nm?
per carbon atom is the surface density of graphene, and bL
is the area of interaction (contact area) with b ~a =0.14 nm
(the C-C bond length).

Using the thin rod approximation (see for example Landau
and Lifshitz [36]), the bending energy is given by Epenq =
2Yr*L/R?, where Y = 1 TPa is Young’s modulus, r is the nano-
tube radius, and R is the bending radius. Setting E., = Epend
and assuming the ripple wavelength 2 is on the same order
of magnitude as R yields the relation:

Importantly, this relation depends only on the properties of
the nanotube itself through the radius r. If we take r = 1 nm,
then the predicted wavelength is 1~ 140 nm, which is on
the same order of magnitude as the observations. The largest
uncertainty in this estimate is the effect of the cohesion inter-
action (given by the contact area bL), which is manifested in
the estimate for 4 as b ~ a = 0.14 nm (the C-C bond length).
Furthermore, the estimate is limited by the approximating
the nanotube to be solid rod.

Because the rippling wavelength is fixed for a given type of
nanotube (defined here exclusively by its radius r) according
to this simple model, the rippling amplitude is a monotonic
increasing function of the growth rate difference, which is
in turn controlled by the reactor conditions. This agrees well
with our observations that the wavelength has no clear
dependence on the growth conditions, while the growth rate
difference (as seen in the forest concavity) and amplitude
have a maximum at the same growth conditions.

5. Conclusion

In summary, we grew vertically aligned carbon nanotube for-
ests that had periodic ripples on their sidewalls. These ripples
behave as surface diffraction gratings and allowed us to ob-
serve the ripples in situ. We showed that the ripples self-
assemble during CVD growth of the forests under the appro-
priate reactor conditions, which were identified. We use this
in situ data to support a formation mechanism: rippling oc-
curs to relieve strain within the forest that is a result of a dif-
ference in growth rate between different nanotubes in the
forest. This growth rate difference was observed using simple
in situ optical microscopy. The order of magnitude of the rip-
pling wavelength was predicted using a simple solid rod mod-
el for nanotubes.

Carbon nanotube forest growth is not simply the growth of
many individual nanotubes: collective effects alter the way
that the individual nanotubes grow within the forest. The
rippling phenomenon shows that the interactions between
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nanotubes in forests are indeed very important factors to con-
sider in formulating a model for the growth of vertically
aligned carbon nanotube forests. Studying and understanding
the rippling is thus another step toward understanding the
overall growth of nanotube forests, and eventually tailoring
them to specific applications.
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Appendix A. Experimental methods

Before each growth run, the reactor was purged for 10 min
with pure Ar flowing at 2 I min™". Samples were heated to
the growth temperature T (measured with a two-colour infra-
red pyrometer) in an Ar/H, (2% H,,98% Ar) gas environment,
with a flow rate of 170 sccm to 300 sccm, corresponding to the
eventual source gas flow rate. Water vapour was then intro-
duced by passing Ar through the bubbler to account for 25%
of the total gas flow rate for 5 min while reducing the Ar/H,
flow rate to 75% of the total gas flow rate, keeping the total
gas flow rate constant. Dilute acetylene (0.1% C,H,, 99.9%
Ar) was then introduced (90 sccm to 220 sccm) to initiate
growth, while turning the Ar/H, and Ar/H,0 flow rates down
to 60 sccm and 20 scem, respectively, for a total gas flow rate
of 170 sccm to 300 sccm. After the growth was determined to
have halted via self-termination (by visual inspection with
the camera), the chamber was purged for 5 min with pure
Ar flowing at 2 Imin". The heater was then shut off and
the Ar was allowed to flow for another 5 min before it was
shut off. For forests that were intentionally terminated prior
to self-termination, the process gases were stopped and the
reactor was immediately purged with pure Ar. All samples re-
mained in the Ar environment inside the reactor for at least
another 30 min prior to removal to atmosphere.

Appendix B. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.carbon.2011.02.017.
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