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ABSTRACT: Single-wall carbon nanotubes are attractive building blocks for various devices, though
the ability to arrange them into complex structures is a vital prerequisite for realizing their full
potential. Our group has shown that by combining gas flow alignment and the anisotropy of the
nanotube−substrate interaction, highly periodic ordered nanotube serpentines are formed. In this
work we demonstrate the formation of a different type of nanotube serpentines by isotropic substrate
interaction. By comparing the geometric properties and correlation lengths of the two types of
serpentines, we show that these nanotube serpentines are markedly random and disordered, in
comparison with the ordered serpentines. This also allows us to investigate the role of substrate
anisotropy on the formation of nanotube serpentines. We also propose a general mechanism for the
formation of self-organized curved nanotube geometries, such as serpentines and loops, on substrates.

■ INTRODUCTION
Single-wall carbon nanotubes (SWNT) have unique electrical
and mechanical properties1 which make them appealing
candidates for molecular electronic devices.2,3 One of the
major challenges in the realization of this concept is the
organization of SWNTs into well-defined geometries and
arrays. Several methods of aligned growth have been employed
toward this end.4 These methods include alignment by electric
field,5,6 magnetic field,7 gas flow,8 and surface-guided
growth.9−12 The latter approach has been shown to be very
effective for producing well-aligned nanotubes on various
substrates, such as sapphire9−11,13 and quartz,12 either by
lattice-directed growth,9,10 step-directed growth,11 or nano-
facet-directed “graphoepitaxial” growth.13 Additionally, it was
used in conjunction with external forces, e.g. electric field and
gas flow, to form more complex geometries such as crossbar
architectures14 and serpentine arrays.15 These highly oriented
and regular serpentines have been produced in our group,15 as
well as by others,16−18 by chemical vapor deposition (CVD) on
ST-cut and AT-cut quartz surfaces. They have been
characterized by different methods, including electrical
characterization16,17,19 as well as Raman spectroscopy measure-
ments19−21 and electrostatic force microscopy,20 and have been
applied to several devices including field effect transistors18 and
light-emitting diodes.22

Our group has previously suggested a “falling spaghetti”
mechanism to describe the formation of the serpentines on
crystalline surfaces, considering the forces acting on the
nanotube as it adsorbs in the favorable lattice direction, due
to anisotropy of the nanotube−substrate interaction.15 This
mechanism was found to be consistent with several
experimental works by our group20,21 and by others17,18 as
well as with our recently reported molecular dynamics
simulations23 and with a more recent continuum modeling by
Zhao et al.24 Both Raman measurements20,21 and the molecular
dynamics simulations23 reveal the occurrence of strain
modulations along the nanotube during the formation of

serpentines. The strain was found to be at its maximum at the
straight segments of the serpentine, and its minimum was
found to be at the center of the curved U-turn segment.
Notwithstanding these results, the role of surface anisotropy in
the formation of the serpentines and their geometry is not yet
fully understood.
In this work we set out to explore the role of nanotube−

substrate interaction anisotropy in the serpentine formation
mechanism. We do this by growing nanotubes under similar
conditions on two substrates having similar chemical
compositions and different crystallinity, namely ST-cut quartz
and Si with a layer of amorphous thermal oxide. To our
surprise, we find that nanotube serpentines formation is not
exclusive to the quartz substrate but also occurs on the
amorphous SiO2 substrate. However, while the serpentines
formed on the anisotropic quartz are highly ordered in terms of
orientation and regularity, the serpentines formed on
amorphous SiO2 are disordered, misaligned, and irregular.
In this article, we suggest a general mechanism for the

formation of curved nanotube geometries, such as serpentines.
We go on to present a detailed geometric analysis of the two
types of serpentines, formed under different gas flow rates, and
calculate their correlation lengths. Our findings show a clear
distinction between the serpentines formed on ST-cut quartz
and the ones formed on amorphous SiO2: ordered serpentines
are formed when the interaction of the nanotube with the
substrate is anisotropic, as it is with ST-cut quartz, whereas
disordered serpentines are formed when the interaction of the
nanotube with the substrate is isotropic, as it is with amorphous
SiO2. The effect of the substrate interaction anisotropy, which
induces order on an intrinsically disordered process, is an
interesting example of applying control over the self-
organization of complex nanostructures.
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■ EXPERIMENTAL METHODS

Sample Preparation. Single-crystal ST-cut quartz, i.e.
vicinal α-SiO2 (11 ̅01), Y-cut with rotation angle of 42.75°
around the X-axis (purchased from Roditi International Ltd.),
and Si/SiO2 (Si (100) with a thermal oxide layer of 200 nm,
purchased from International Wafer Service Inc.) wafers were
cut to samples, roughly 8 × 8 mm2 in size. Samples were
cleaned by sonication in acetone for 10 min, followed by rinsing
in acetone, isopropanol, and deionized water. Quartz samples
were annealed in air at 900 °C for 8 h. Si/SiO2 samples were
not annealed.
Parallel stripes (25 μm wide, 25 nm thick) of amorphous

SiO2 (Kurt J. Lesker, 99.99%) were deposited on the substrate
by standard photolithography and electron-beam evaporation.
In the quartz samples, the catalyst stripes were deposited
roughly parallel to the [112 ̅0] direction, which is the direction
along which the nanotubes align. A thin layer (∼0.5 nm) of Fe
(Kurt J. Lesker, 99.95%) was evaporated on the SiO2 stripes
and acted as the growth catalyst. Lift-off was done by gentle
sonication in acetone. The samples were introduced into a tube
furnace (Lindberg blue) and aligned so the catalyst stripes were
perpendicular to the gas flow direction. The samples were
heated at 550 °C for 20 min in air to remove organic
contaminations. Nanotubes were grown by chemical vapor
deposition (CVD): samples were heated to 900 °C, in an
atmosphere of 60% Ar (99.996%, Oxygen & Argon Industries)
and 40% H2 (99.999%, Gordon Gas), followed by introduction
of ∼0.2% C2H4 (99.9%, Gordon Gas). Flow rates ranged
between 500 and 2500 sccm for a growth time of 45 min. At
the end of the growth time, samples were let to cool in Ar.
Imaging. Nanotubes were imaged by scanning electron

microscopy (SEM) (LEO Supra 55VP FEG and Ultra 55 Zeiss)

at low working voltages of 0.5−1.5 kV as well as by atomic
force microscopy (AFM) (Veeco, Multimode Nanoscope 7.30).

■ RESULTS AND DISCUSSION
SWNTs were grown by CVD on ST-cut quartz and Si/SiO2
substrates as described above. An assortment of images is
presented in Figure 1, showing the different geometries of
serpentines formed on the different substrates. While the
serpentines formed on ST-cut quartz (ordered serpentines,
Figures 1a−d) appear to be highly ordered and regular, the
serpentines formed on amorphous Si/SiO2 (disordered
serpentines, Figures 1e−i) appear more random and dis-
ordered.

Mechanism of Serpentine Formation. Our group has
proposed a falling spaghetti mechanism for the formation of the
ordered serpentines on quartz (Figure 2).15 According to this
mechanism, the nanotubes grow up from the patterned
amorphous SiO2 platforms and subsequently adsorb in an
oscillatory fashion on the quartz substrate, with straight
segments along the favored alignment direction (s) and
propagating in the direction of the gas flow (u).
This mechanism describes the formation of the serpentine

under the influence of substrate interaction anisotropy. When
the interaction anisotropy is removed from the system, as is the
case with the amorphous Si/SiO2 substrate, the deposition of
the nanotube in a direction other than the gas flow vector
should be short-lived and random. However, we do get some
regularity of the formed pattern, i.e., the consecutive left−right
turns of the disordered serpentines, as shown if Figures 1e−i.
We propose a generalization of our mechanism to account

for the formation of curved nanotube geometries as the
disordered serpentines, as well as nanotube loops, by isotropic
substrate interaction. We suggest that nanotube serpentine
formation is a specific example of a widely known macroscopic

Figure 1. Representative images of ordered (a−d) and disordered (e−i) nanotube serpentines, formed on ST-cut quartz and amorphous Si/SiO2,
respectively. All images were obtained by SEM, except for (i), which was obtained by AFM.
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phenomenon of coiling. This phenomenon which is observed
for systems such as falling ropes and superviscous jets, as
commonly observed in home kitchens when noodles are
dropped or honey is poured, has received both theoretical and
experimental treatments.25−29

Examining the formation of disordered serpentines through
the prism of rope coiling, we can view the nanotube adsorbing
on the surface during the CVD process as a coiling rope with
the additional effect of a linear momentum of its center of mass,
which is driven in the direction of the CVD gas flow. By
considering different relations between the force driving the
nanotube downward, toward the surface, due to van der Waals
attraction, and the force driving it in the direction of the gas
flow, we can account for the formation of different geometries
(Figures 3a−e). When the downward velocity is sufficiently
high, the falling nanotube forms complete loops, like a classic
falling rope (Figure 3c).26 If the velocity in the direction of the
gas flow is high enough though, then the falling SWNT is

driven in the direction of the gas flow, mid loop, causing the
formation of a serpentine turn instead of that of a loop (Figure
3d). Further extrapolation suggests, along with the well-known
CNT geometries of serpentines15−18 and loops,15,30,31 the
formation of multiloop coils (Figure 3b). These self-organizing
coils have been incidentally observed by our group and
others,32 and we have recently succeeded in forming them in a
robust and repeatable manner (soon to be published).

Serpentine Orientation. In order to better characterize
the difference between the two serpentine types, we examine
the orientation for two typical serpentines (Figures 4a−d), an

ordered serpentine (Figures 4a,c), and a disordered serpentine
(Figures 4b,d). We define the orientation by the angle β
between the gas flow vector u and the tangents to the inflection
points of the serpentine U-turns (t). While for the ordered
serpentines the distribution is very narrow, the distribution for
the disordered serpentine is strikingly broader.

Serpentine Geometry at Different Gas Flow Rates. We
now perform a more thorough comparison, by considering two
possible interactions that can affect the dynamics of nanotube
serpentine formation on the substrate: the interaction of the
nanotube with the substrate and the interaction of the
nanotube with the gas flow. In order to determine the
significance of each interaction, we conducted multiple
experiments at different gas flow rates on both types of
substrates (Figures 5a−d and 6a,b). The geometric properties
that were examined were the distributions of the angle β
(Figures 5a,b) and the turn diameter D (Figures 5c,d) as well as
the average fractional extension, Λ, i.e., the end-to-end distance
of the serpentine divided by its contour length (Figure 6).

Angle and Turn Diameter. The distributions of β and D
for flow rates lower than 2500 sccm are much narrower for the
ordered serpentines (Figures 5a,c) than the distributions of β
and D for the disordered serpentines (Figures 5b,d) and seem
independent of flow rate. This suggests that the anisotropic

Figure 2. “Falling spaghetti” mechanism.15 As the nanotube zips along
the surface, parallel to the favored alignment direction, s, a suspended
loop is formed. This continues until the increasing drag force exerted
by the gas flow on the suspended part of the loop is large enough to
overcome the nanotube−substrate interaction anisotropy, causing the
derailment of the nanotube from its favored path, in the direction of
the gas flow, u. At this point, the suspended loop falls on the surface,
initiating a U-turn, causing the nanotube to begin zipping along in the
antiparallel direction to the previous straight segment. The recurrence
of this process forms the serpentine geometry.

Figure 3. Formation of a coil versus formation of a serpentine. (a) A
nanotube falls onto a substrate, creating a suspended half loop. (b) If
the velocity of the nanotube in the direction of the gas flow f is
negligible in comparison with its downward velocity d, it coils like a
falling rope, forming multiple loops. (c) If the velocity of the nanotube
in the gas flow direction f is sufficiently lower than the downward
velocity d, it forms a single loop. (d) If the velocity of the nanotube in
the gas flow direction f is sufficiently higher than its downward velocity
d, the suspended half loop falls in the gas flow direction, and a
serpentine U-turn is formed. (e) If the velocity of the nanotube in the
direction of the gas flow f is much higher than its downward velocity d,
it aligns in the direction of the gas flow, forming a straight segment.

Figure 4. Orientation analyses of an ordered serpentine and a
disordered serpentine. (a, b) SEM images of an ordered serpentine
grown on ST-cut quartz and a disordered serpentine grown on Si/
SiO2, respectively. (c, d) Distribution of β angles for the ordered and
disordered serpentine, respectively, including the average value of β.
The distribution of angles is very narrow for the ordered serpentine,
and is roughly centered around 90°, while for the disordered
serpentine the distribution is much broader.
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substrate interaction constrains the variety of possible geo-
metries available for the formed serpentines. This effect seems
to subside for sufficiently high flow rates, and the rate between
2000 and 2500 sccm can be denoted as a boundary between
substrate- and flow-dominated regimes. Once in the flow-
dominated regime, the measure of the interaction anisotropy
seems inconsequential, and hence the geometric properties of
the structures grown on the different substrates are similar.
An interesting point to consider is that for both types of

substrate interactions, anisotropic and isotropic, the formation
of a serpentine is a process which is far from equilibrium, as
evidenced by the average values of D (Figures 5c,d), which are
much smaller than what is expected in equilibrium when
considering the persistence length of the nanotube (25 μm),34

by as much as ∼25 times for the ordered serpentines, and by
∼5 times for the disordered serpentines. This means that for
both anisotropic and isotropic substrate interactions the

nanotube−substrate interaction is sufficiently strong to favor
the geometry formed far from equilibrium over settling into the
equilibrium state.

Fractional Extension. Unlike the notable differences
between β and D of the ordered and disordered serpentines
(Figure 5), examination of Λ (Figure 6) reveals a trend which is
similar for both types of structures. For low flow rates (500−
1000 sccm) Λ is a relatively low (∼0.3 for ordered serpentines
and ∼0.6 for disordered serpentines), and for high flow rates
(1500−2500 sccm) there is a similarly consistent higher Λ
(∼0.7 for ordered serpentines and ∼0.8 for disordered
serpentines). However, it is also clear that the rise between
low and high flow rates is much more pronounced for the
ordered serpentines than it is for the disordered ones. As with
the results for β and D, it seems that for low flow rates the
difference between the two types of serpentines is more
distinct, as the anisotropic substrate interaction apparently

Figure 5. Comparison of geometric parameters between ordered (a, c) and disordered (b, d) serpentines as a function of flow rate. (a, b)
Distribution of the β angle for ordered and disordered serpentines, respectively. (c, d) Distribution of D for ordered and disordered serpentines,
respectively. A bold black line passes through mean values (black rectangles). A thin black line denotes a Gaussian fit.

Figure 6. Comparison of average fractional extension, Λ, in ordered (a) and disordered (b) serpentines as a function of flow rate. Solid red lines are
guides for the eye.
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induces a lower Λ, while for flows of 1500 sccm the interaction
anisotropy becomes less influential. This results in similar Λ for
the two types of structures at higher flows, albeit with a higher
standard deviation for the ordered serpentines.
Both the results for D and Λ for the different serpentines

(Figures 5c,d and 6) show the denser nature of ordered
serpentines, supposedly due to the anisotropic surface
interaction with the ST-cut quartz. This can be explained if
we consider some critical angle between the nanotube and the
favorable [112 ̅0] alignment direction. As a serpentine turn
begins to form, the falling nanotube begins to turn away from
the direction of the gas flow. At a certain angle which is close
enough to the surface alignment direction, the falling nanotube
is “caught” in the orienting direction and thus forced to align
along it. This would cause the turns of the serpentine to be
more abrupt and dense. Naturally, this phenomenon does not
exist for the amorphous surface, where there is no favorable
direction for surface alignment, making the turns for disordered
serpentines wider.
Correlation Length. A way to quantify the degree of order

of the two types of serpentines is by determining their
correlation lengths, Lc.

35 We used SEM images of serpentines
(Figures 7a,b) which were centered around the x-axis, such that

it was parallel to the direction the propagation of the
serpentines, u. First we fitted the serpentine to a straight line,
which we defined as the x-axis, and perpendicular to this line, at
the start of the serpentine, we defined the y-axis. The serpentine
turns can be presented as the y coordinate along the serpentine.
We then defined the correlation length of serpentines as the
contour length, s, at which the correlation of the y coordinate of
the serpentine becomes negligible. Practically, this means that
beyond this contour length it is not possible to predict the next
y coordinate of the serpentine based on its previous value. If the

decay of correlation is exponential, we can use eq 1 to define
the correlation length,36 where ACFmax is the local maxima of
the autocorrelation function37 of the y coordinate of the
serpentine, which in turn is a function of s. The ACF was
calculated (Figures 7c,d) as shown in eq 2, where L is the total
contour length of the serpentine, so that the factor L/(L − s)
corrects for the serpentines finite length, and N is a
normalization factor, making the maximum correlation be
one. Assuming the ACF maxima to decay exponentially (eq 1),
Lc was extracted by plotting the log of the ACF peak amplitude
as a function of s (Figures 7e,f).

= −s s LACF ( ) exp( / )max c (1)

∫=
−

′ + ′ ′s
L

N L s
y s s y s sACF( )

( )
( ) ( ) d

(2)

The correlation lengths of several serpentines were
calculated. For ordered serpentines it was found to range
between ∼100 and ∼300 μm, while for disordered serpentines
it was between ∼5 and ∼100 μm. This difference, which can
reach almost 2 orders of magnitude, between the correlation
lengths of ordered and disordered serpentines demonstrates the
sizable difference in the level of order between the two systems.

Nanotube−Substrate Interaction Hardness. In order to
qualitatively demonstrate the difference in the van der Waals
interaction of our two substrates with SWNTs, we preformed
the following “scratch experiment” (analogous to the Mohs
scale of mineral hardness), as shown in Figures 8a−d. Two
nanotube serpentines, one formed on ST-cut quartz and the
other on amorphous Si/SiO2, were scrtached, causing segments
of both nanotubes to be dragged along the scratch. For the
ordered serpentine, the average length of nanotube segments
that did not touch the scratch and were dragged is 1.5 ± 0.4
μm, while for the disordered serpentine, it is roughly 4 μm.
This observation and rough analysis illustrate the difference in
nanotube−subatrate interaction for the two kinds of
serpentines, which is the source for the unique geometrical
properties of the ordered serpentines.

■ CONCLUSIONS
We have grown SWNT serpentines on ST-cut quartz and Si/
SiO2 substrates under various gas flow rates. The serpentines
formed on the quartz substrate, which we refer to as “ordered
serpentines”, appear highly ordered and periodic in comparison
to the serpentines formed on the amorphous substrate, which
we refer to as “disordered serpentines”. We attribute this
difference to the anisotropy of the nanotube−substrate
interaction, which is present in the quartz substrate and not
in the Si/SiO2 substrate.
We suggested a generalization of our previous mechanism for

nanotube serpentine formation to account for the formation of
serpentines under both anisotropic and isotropic surface
interactions. This mechanism also explains the formation of
nanotube loops and coils.
We performed detailed geometric analyses of both types of

serpentines. The ordered serpentines display a much narrower
distribution of geometric properties such as orientation and
packing density, in comparison to the disordered serpentines.
The geometric properties for both types of serpentines appear
insensitive to differences in gas flow rates up to 2000 sccm.
However, for higher flow rates, both types display a similarly
wide distribution of geometric properties. This suggests that
only at sufficiently low gas flow rates does the anisotropy of the

Figure 7. Autocorrelation analyses of ordered and disordered
serpentines. (a) SEM image of a highly regular ordered serpentine
grown on ST-cut quartz at a flow rate of 1000 sccm. (b) SEM image of
a disordered serpentine grown on amorphous Si/SiO2. (c, d)
Autocorrelograms of the ordered and disordered serpentines,
respectively. The periodicity of the ACF peaks matches the periodicity
of the peaks of the analyzed serpentines. (e) and (f) are the respective
plots of the linear fit (red line) for the natural logarithm of the
autocorrelation amplitude for the two serpentines, giving the value of
Lc.
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surface interaction significantly limit the distribution of possible
serpentine geometries.
In order to more finely define the difference between the two

serpentine types in terms of order, we determined their
correlation lengths. We found that the correlation lengths for
the serpentines grown on ST-cut quartz were up to 2 orders of
magnitude higher than their disordered counterparts.
The induction of order by the anisotropic surface interaction

on the general phenomenon of coiling serves as a test case for
the role of self-organization far from equilibrium in the
formation of complex structures at the nanoscale. This
approach could greatly promote the realization of more
intricate and advanced nanostructures with higher functionality
for future devices.
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