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ABSTRACT

Single-walled carbon nanotubes (SWNTs) possess extraordinary electrical properties, with many possible applications in electronics. Dense,
horizonally aligned arrays of linearly configured SWNTs represent perhaps the most attractive and scalable way to implement this class of
nanomaterial in practical systems. Recent work shows that templated growth of tubes on certain crystalline substrates yields arrays with the
necessary levels of perfection, as demonstrated by the formation of devices and full systems on quartz. This paper examines advanced
implementations of this process on crystalline quartz substrates with different orientations, to yield strategies for forming diverse, but well-
defined horizontal configurations of SWNTs. Combined experimental and theoretical studies indicate that angle-dependent van der Waals
interactions can account for nearly all aspects of alignment on quartz with X, Y, Z, and ST cuts, as well as quartz with disordered surface
layers. These findings provide important insights into methods for guided growth of SWNTs, and possibly other classes of nanomaterials, for
applications in electronics, sensing, photodetection, light emission, and other areas.

The attractive charge transport properties of single-walled
carbon nanotubes (SWNTs) make them excellent candidates
for various applications in electronics, ranging from radio
frequency (rf) analog devices,1-4 to flexible circuits,5 to
heterogeneous integration of such systems with silicon

complementary oxide semiconductor (CMOS) chips.6 Large
scale, horizontally aligned arrays of SWNTs represent ideal
formats for integration, with the demonstrated ability to yield
devices with performance approaching expectation based on
the intrinsic properties of the constituent SWNTs.1,2 Many
different methods have been reported to produce such arrays.
Flow alignment is one of the most widely explored strategies,
implemented either during deposition from solution via the
action of liquid flows5 or during chemical vapor deposition
(CVD) via gas flows.8,9 In the case of solution deposition,
surface chemical modifications of the substrate can provide
additional levels of control.10 Electric fields, applied in an
alternating current mode during solution deposition11 or in
a direct current mode during CVD growth12 can also yield
alignment, due to dielectrophoretic and induced dipole
interactions, respectively. Although each of these methods
has promise, none in their current state of development offers
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the levels of perfection in alignment and linearity, at densities
(i.e., numbers of tubes per unit area) and average lengths
useful for most applications in electronics. More recent
work13,14 indicates that improvements can be achieved by
using wetting interactions and interface assembly to yield
high density (10-20 SWNTs/µm) arrays with good, although
not perfect, degrees of alignment. The use of SWNTs in
solution suspension could represent a disadvantage, however,
due to possible contamination by residual surfactant and the
potential for degradation of the tubes during the solubilization
process. By contrast, growth of SWNTs by CVD on
crystalline substrates such as sapphire and quartz can produce
nearly ideal arrangements of pristine, low-defect tubes,
particularly when used with strategically patterned catalyst
particles.15-23 The best results have been reported on quartz,
where levels of alignment can be controlled to better than
0.01°, with linear shapes to within a few nanometers over
lengths of many micrometers, in tubes with average lengths
of hundreds of micrometers (up to �millimeters).4,16-23

Densities can also be high, with peak values approaching
100 SWNTs/µm.17 Although this growth process has already
been exploited to build high-performance n and p channel
devices,3,15,20,21 and even fully integrated systems such as
nanotube transistor radios and oscillators,1,2 the underlying
mechanisms are poorly understood and the achieved align-
ment in the arrays involve orientation only along one
direction. This paper presents a comprehensive, combined
theoretical and experimental study of the alignment process
on quartz and presents strategies to use quartz with different
crystal orientations to achieve not only aligned linear arrays,
but also more complex, but still well-defined, layouts. The
results account for the key aspects, ranging from previously
reported trends to additional effects revealed by new results
reported here. This basic understanding is essential for further
development of this approach to aligned arrays or even to
other arrangements, not only on quartz but, potentially, on
crystalline substrates of other materials.

Figure 1 provides a schematic illustration of the modeled
system. We consider four casessquartz with X ([21j1j0]), Y
([011j0]), Z ([0001]), and ST cut17 orientationssto examine
all of the effects of crystal orientation on alignment. R-Quartz
is used in this study, since the transition between R- and
�-quartz is very fast and highly reversible at 573 °C24,25 and
the experimental observations are all made at room temper-
ature. Tridymite may also form at 870 °C, since the SWNT
growth temperature is 925 °C. However, previous studies
show that the transition from quartz to tridymite requires
foreign oxides and the transition rate is very slow even when
they are well mixed.26 Under the experimental conditions
of SWNT growth as described in the methods section, no or
only a very negligible amount of tridymite should form. In
any case, calculations for R- and �-quartz give the same
preferred alignment directions. See Supporting Information
for details. In addition to proper atomic descriptions of the
substrate, we treat the SWNTs explicitly with suitable chiral
and diameter dependent configurations of the carbon atoms.
Several experimental observations suggest the validity of
important simplifying assumptions for the modeling. First,

in all cases, the SWNTs grown on Y or ST cut quartz show
excellent degrees of alignment, uniformly and without any
evident dependence on chirality or diameter, for values
smaller than �1.5 nm. This observation suggests that neither
epitaxial registration with the substrate nor electronic proper-
ties of the SWNTs are critically important. Second, insen-
sitivity of growth results to location or orientation of the
quartz within the furnace or to spatial position across the
substrate are consistent with uniform temperature distribu-
tions and, as a result, the absence of significant pyroelectric
effects. Third, observations of alignment in SWNTs that fall
back onto the substrate after growth in gas flows just above
the substrate surface17,27,28 indicate that interactions between
catalyst particles and the substrate can be neglected. Aligned
SWNTs at spacings (minimum, as well as averages) that are
smaller than the expected separations between adjacent step
edges based on slight uncertainties in the cut angle (Y cut)

Figure 1. Schematic illustrations of a (5,5) single-walled carbon
nanotube (SWNT) resting on top of a Y cut quartz substrate: (a)
top view, with key dimensions and variables identified; (b) end-on
cross sectional view, with variables identified; (c) side cross
sectional view.
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