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ABSTRACT: The alignment of carbon nanotubes has been the subject of extensive
research. Among the different alignment methods, surface alignment, such as alignment
along favorable directions on the anisotropic surface of single-crystal substrates,
including sapphire and quartz, has stood out as very effective and robust. Recently, this
method was shown to also be highly effective for the guided growth of semiconducting
nanowires. Interestingly, while the same directions of alignment were found for the
growth of nanotubes and nanowires on R-plane (11 ̅02) and A-plane (112 ̅0) sapphire (α-
Al2O3), nanotubes, unlike nanowires, have been reported not to align on M-plane
(101 ̅0) sapphire. Here we report the alignment of carbon nanotubes on M-plane
sapphire, as well as on the annealed M-plane, which is periodically faceted, in directions
that match the directions reported for aligned nanowires. We go on to discuss a possible
common alignment mechanism for nanowires and nanotubes on sapphire surfaces.

■ INTRODUCTION

Single-wall carbon nanotubes (CNTs) are considered potential
building blocks for future electronic applications, owing to their
attractive mechanical and electrical properties.1 Alignment
control of horizontal CNTs is a vital prerequisite for various
electronic applications,2 from simple thin-film field-effect
transistors3 to carbon nanotube based computers.4 This control
has been demonstrated by various in situ methods,2 including
alignment by gas flow,5 electric field,6,7 magnetic field,8 and
surface-directed growth.3,9−11 Sapphire is one of the most
studied substrates that feature surface-directed growth of
CNTs, either by crystallographic alignment,10,11 step-directed
growth,9,12,13 or nanofacet-directed “graphoepitaxial” growth.14

Sapphire has also been used in epitaxial and graphoepitaxial
alignment of nanowires (NWs), specifically NWs of ZnO,15,16

GaN,17 and SnO2.
18 Interestingly, a strong correlation was

found between the alignment direction of CNTs and NWs on
the specific planes of sapphire (see Table 1). The similarity is
especially striking when considering the difference of roughly 1
order of magnitude between the diameters of single-wall CNTs
(typically between 1 and 3 nm) and those of the NWs
(typically tens of nanometers). Recently, Shen et al. reported
the growth of tin-doped indium oxide nanowires on R-plane, A-
plane, and M-plane sapphire.19 While they did not see
alignment along a single direction, some preferential orientation
of the NWs could be observed.
It has been shown that graphene that was deposited on A-

plane and R-plane sapphire was etched by a metal nanoparticle
in the [11̅00] and [11̅01 ̅] directions, respectively, regardless of
the orientation of the graphene itself.20,21 The fact that these
are also the directions of alignment of CNTs and NWs grown
on A-plane and R-plane sapphire suggests that the interaction
between the metal nanoparticle catalyst, which is used in the

growth of both CNTs and NWs, might be the determining
factor in the alignment.
As shown in Table 1, for A-plane and R-plane the main

alignment directions are identical for CNTs,11,22,23 ZnO
NWs,15,16 GaN NWs,17 and SnO2 NWs.18 For the C-plane,
which has higher symmetry, the 6-fold symmetric alignment is
the same for ZnO16 and GaN17 NWs; however, no alignment
was reported for CNTs. It was suggested that this is due to the
high symmetry of C-plane sapphire,10 which presumably does
not produce strong enough anisotropy. However, 6-fold
symmetric alignment has been shown for CNTs on mica.24

M-plane, which shares the same symmetry as R-plane, has been
shown to align both GaN17 and ZnO16 NWs in the [0001 ̅]
direction, though the alignment is unidirectional for GaN only.
According to a single report, no alignment was found for
CNTs.11 We found the lack of alignment of CNTs on M-plane
sapphire surprising, considering that other planes of sapphire
show a strong alignment for NWs and CNTs along the same
directions. Moreover, upon annealing of the unstable M-plane
at a high temperature (typically 1400−1600 °C),16,17,25 V-
shaped nanogrooves are formed, running along the [12̅10]
direction and composed of alternating R-plane and S-plane
(101 ̅1) facets (Figure S1, Supporting Information). While
alignment of NWs along the grooves has been shown to be
particularly strong,16−18 the alignment of CNTs on this surface
has not been investigated. Therefore, we thought that it would
be important to investigate the growth of CNTs on M-plane
sapphire, both to verify or refute the lack of alignment on the
flat nonannealed surface and to check whether the faceted
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annealed M-plane can serve as a graphoepitaxial substrate for
the guided growth of aligned CNTs.
In this work we investigate the alignment of CNTs on M-

plane and annealed M-plane sapphire. Despite a previous report
that found no alignment on M-plane sapphire,11 we find that
under our growth conditions CNTs do align on this plane, as
well as on the previously uninvestigated annealed M-plane
sapphire, and that they do so in the same directions reported
for GaN and ZnO NWs. We discuss the alignment mechanism
and the implications of a general mechanism for the alignment
of chemical vapor deposition (CVD) grown one-dimensional
structures on sapphire surfaces.

■ EXPERIMENTAL METHODS
Sample Preparation. Single-crystal M-plane sapphire, i.e.,

α-Al2O3 (101 ̅0) wafers, were purchased from Roditi Interna-
tional. The wafers were cut with a flat edge parallel to the
[1̅210] direction, which was used to determine lattice directions
on the substrate. To produce nanogrooves, several wafers were
annealed in air at 1600 °C for 16 h, using a high-temperature
muffle furnace (Carbolite RHF 16/8). Prior to use, wafers were
cut into samples approximately 8 × 8 mm2 in size and cleaned
by sonication in acetone for 10 min, followed by rinsing in
acetone and isopropanol.
A catalyst was prepared for each sample by two different

methods:

1. Parallel stripes (20 μm wide, 25 nm thick) of amorphous
SiO2 (Kurt J. Lesker, 99.99%) were deposited onto the
substrate by standard photolithography and electron-
beam evaporation. A thin layer (∼0.3 nm) of Fe (Kurt J.
Lesker, 99.95%) was evaporated onto the SiO2 stripes
and acted as the growth catalyst.

2. The Fe was deposited directly onto the sapphire
substrate, without the SiO2 supporting layer.

The samples were introduced into a tube furnace (Lindberg
blue) and heated at 550 °C for 20 min in air to remove organic
contaminants. Nanotubes were grown by CVD: samples were
heated to 900 °C, under flow of 300 standard cubic cm (sccm)
of 60% Ar (99.996%, Oxygen & Argon Industries) and 200
sccm H2 (99.999%, Gordon Gas). When the temperature
reached 900 °C, a flow of 1 sccm C2H4 (99.9%, Gordon Gas)
was added. The growth time was 45 min.
Imaging. Nanotubes were imaged by scanning electron

microscopy (SEM) (LEO Supra 55VP FEG Zeiss) at an
acceleration voltage of 1.5 kV, as well as by atomic force
microscopy (AFM) (Veeco, Multimode Nanoscope 7.30).
Thin lamellae for transmission electron microscope (TEM)

characterization of the surface of the M-plane and annealed M-
plane substrates were prepared by focused ion beam by using a
Helios 600 FIB/SEM DualBeam microscope (FEI). The
lamella of the M-plane was imaged using TEM (JEOL, JEM

2100) at an acceleration voltage of 200 kV. The lamellae of the
annealed M-plane were imaged using an FEI Tecnai F30-UT
field-emission TEM at an acceleration voltage of 300 kV.

X-ray Diffraction. The miscut inclination and azimuthal
angles were determined using a double exposure, back-
reflection X-ray diffraction method, described previously.9

The X-rays were produced by a Rigaku Ru200-B rotating
anode generator operating at 1.8 KW and producing Cu
radiation with a 300 μm focus. Diffraction patterns were
recorded on imaging plates (Fuji) and scanned with a
homemade reader. The sample, placed perpendicular to the
X-ray beam, was exposed for a first time and then rotated by
180° for a second exposure. The miscut angle θ was measured
in the following way. The center of each of the two diffraction
patterns was found by fitting a circle to four diffraction spots
that, according to the crystallographic indexing, are equidistant
from the pattern center. The distance between the centers was
measured and defined as 2R. The miscut inclination is given by
eq 1,27 where L = 3 cm is the distance between the sample and
the X-ray imaging plate.

θ = R
L

tan(2 )
(1)

The accuracy of eq 1 is ≤4% as long as the angle between the
rotation axis of the crystal and the X-ray beam is less than
10°.27

■ RESULTS AND DISCUSSION
Alignment on M-Plane Sapphire. We found that

nanotubes grown on M-plane sapphire were aligned in the
±[0001] direction (see Figures 1a and 1b), as was found for
ZnO and GaN NWs.16,17 This alignment was found for
nanotubes grown from patterned Fe catalyst films, both with
and without an underlying SiO2 layer. The underlying SiO2 is
expected to inhibit surface-bound growth and to promote
growth away from the substrate (see the Alignment Mechanism
section);28,29 however the use of SiO2 did not produce a
significant difference in our results. AFM measurements (Figure
1b) did not show a significant difference in the diameter
distribution of the aligned CNTs on the M-plane, when
compared to that of the unaligned CNTs on the same sample.
Our results are in contradiction to the report of Han et al.,

who did not find alignment of CNTs on M-plane sapphire.11

We can suggest three possible reasons for this disagreement. (i)
Different catalyst morphology: While our growth catalyst was
patterned stripes of Fe, Han et al. used unpatterned ferritin as
catalyst. A high density of catalyst on the substrate impedes the
alignment of the nanotubes, as both the catalyst and the
nanotubes themselves may act as obstacles for aligned growth.
It is known that patterning the catalyst improves the surface
alignment of CNTs, as it produces fewer obstacles and barriers

Table 1. Main Alignment Directions of CNTs and NWs on Different Planes of Sapphire

C (0001)
annealed miscut

C (0001)a A (112 ̅0) R (11 ̅02) M (101 ̅0)
annealed
M (101 ̅0)

CNTs no alignment9−11 ±[112̅0]9b ±[101 ̅0]11,22,26c [11̅01 ̅]23 no alignment11 unknown
ZnO ⟨112̅0⟩16d ±[112̅0]16b ±[101 ̅0]15,16 ±[11̅01̅]16 ±[0001]16e ±[12̅10]16

GaN ⟨112̅0⟩17d ±[112̅0]17b ±[101 ̅0]17 [1 ̅101]17 [0001 ̅]17 ±[12̅10]17

SnO2 unknown unknown ±[101 ̅0]18f ±[11̅01̅]18 two unspecified perpendicular directions18g ±[12̅10]18
aMiscut toward [11 ̅00]. bPerpendicular to miscut direction. cFor thin nanotubes. dSix isomorphic directions at 60° to one another. eFor thin
nanowires (diameter <25 nm). fThese results were reported for the annealed A-plane. gWhile the directions were not specified, it was shown that for
ZnO NWs the alignment is in two perpendicular directions, depending on the diameter of the NWs.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b01162
J. Phys. Chem. C XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.jpcc.5b01162


to alignment on the substrate. Possibly, alignment on the M-
plane requires a cleaner substrate. This possibility coincides
with our observation that nanotubes tended to not be surface-
aligned in samples where the growth yield of the catalyst was
high (see Figure 1c). (ii) Relatively weak substrate anisotropy:
Our experiments have shown that the yield of aligned
nanotubes on M-plane sapphire is significantly small in
comparison to other substrates which are known to produce
highly aligned growth, such as R-plane sapphire,10,11 annealed
ST-cut quartz,30 and annealed AT-cut quartz.3 This may
suggest that the anisotropy of the M-plane sapphire, which
causes the alignment, is comparatively weak. Because of this,
conditions for good alignment, such as optimal temperature or
catalyst yield, are difficult to find. (iii) Although CNTs have
been shown to grow randomly on the C-plane, our group has
shown that C-plane substrates with a sufficiently large miscut
(≥1.7°) produced alignment perpendicular to the direction of
the miscut.9 Therefore, we considered the possibility that our
substrates had a sufficiently large miscut which could, in
principle, be responsible for the alignment.
In order to test the latter possibility, we performed AFM

imaging (not shown): atomic steps were not observed. To rule

out the possibility that the steps might be too small to detect by
AFM, we also employed double Laue back-reflection X-ray
diffraction (XRD), as described by Ochs.27 By comparing the
diffraction pattern of the M-plane substrate before and after a
180° rotation of the wafer, we can measure the magnitude and
direction of the miscut (see the Experimental Methods section
for further details). The results are shown in Figure 2. The

measured miscut was small (0.6 ± 0.1°) and not perpendicular
to the [0001] direction. Therefore, it is unrelated to the
observed alignment of CNTs on M-plane sapphire. We also
performed TEM imaging of the cross-section of the M-plane
and found that the substrate appears flat (Figure S1, Supporting
Information).

Alignment on Annealed M-Plane Sapphire. While the
M-plane is stable at room temperature, as well as temperatures
as high as the synthesis temperature (900 °C), upon annealing
at 1600 °C it undergoes faceting, forming v-shaped grooves. We
found that CNTs were graphoepitaxially aligned along the
grooves on the annealed M-plane substrate in the [12̅10]
direction (see Figure 3), i.e., perpendicular to the alignment

Figure 1. CNT growth on M-plane sapphire. (a) and (b) are SEM and
AFM images, respectively, of guided growth of CNTs on M-plane
sapphire. (c) SEM image of sample with high yield of CNTs. Some
CNTs are randomly aligned, while others are gas-flow aligned. Red
arrows mark the direction of the gas flow, and cyan arrows mark the
[0001] direction.

Figure 2. Measurement of the miscut angle by using double-exposure
back-reflection XRD. (a) The pattern consisting of the overlaid first
and second exposures used for finding the miscut angle. A set of four
reflection spots that are equidistant from the center of the pattern were
selected from each exposure, marked by dashed green and red circles,
respectively. (b) The two sets of spots shown in (a) are fitted to a
circle, the center of which is marked by a green and a red spot. By
measuring the distance between the two centers, the magnitude of the
miscut was found to be 0.6 ± 0.1°. The vector connecting the two
centers, marked by a red arrow, shows the direction of the miscut. The
[0001] direction, which is the direction of the alignment of the CNTs,
is marked by a cyan arrow. Had the alignment been caused by the
miscut, the miscut direction would have been perpendicular to the
direction of the alignment, rather than parallel as is the case here.
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direction we found for growth on the flat M-plane. These
results are in agreement with the results for ZnO,16 GaN,17 and
SnO2

18 NWs. The nanotubes that were not surface aligned, but
rather gas flow aligned, were suspended over the nanogrooves
(see Figure 3a).
Different annealing conditions of M-plane sapphire can yield

differences in the morphology of the aligning features.32 These
morphologies may enhance or degrade the degree of alignment
of nanotubes. Another possibility is that they enable different
geometries of surface-aligned nanotubes, such as kinked or
bent, similarly to nanotube alignment on annealed miscut C-
plane sapphire.9,14

Alignment Mechanism. There are two known growth
modes of CNTs:33 (i) “Crawling” mode or “wake growth”,
where the nanotube is bound to the surface throughout the
growth process,9,33 and (ii) “flying” mode, where only the base
of the nanotube is anchored to the surface and the nanotube
grows above the surface, supported by thermal buoyancy.33,34

In the latter, due to the dynamic nature of the system, a
segment of the nanotube eventually approaches the surface
sufficiently close to be “caught” by van der Waals attraction
forces, and the entire nanotube collapses to the surface. The
relatively short length of the aligned nanotubes on a flat M-
plane (generally no more than a few tens of microns) suggests
that their alignment primarily occurs by “crawling” mode
growth.33 Since ordered nanotube serpentines align by “flying”
mode,29 the fact that we have observed only one ordered
serpentine in our flat M-plane samples also supports “crawling”
mode as the main alignment mechanism.
On the annealed M-plane the majority of aligned nanotubes

are also relatively short (a few tens of microns); however, there
are aligned segments in longer nanotubes, as evidenced in
Figure 3b. Additionally, we have detected a few ordered
serpentines in our annealed M-plane samples (see example in
Figure 3c). These results suggest that both “crawling” and
“flying” modes of growth can yield aligned nanotubes on the
annealed surface. However, since the yield of serpentines and
aligned segments in long CNTs is relatively low, alignment by
“crawling” mode appears to be more prevalent.
The agreement between the alignment directions for CNTs

and NWs on different flat sapphire surfaces (A, R, and M)
suggests a possible common alignment mechanism, which is
not specific to the chemical composition of the aligned material.
This non-material-specific mechanism should dominate other
material-specific factors, such as epitaxial registry and the
thermodynamic stability of different crystal facets of the NWs.
One possibility is that alignment occurs due to anisotropic
surface interactions such as increased fixed dipole−induced
dipole interactions along a specific crystal direction. For NWs,
this non-material-specific interaction with the surface would be
that of the highly polarizable metal nanoparticle, which acts as a
catalyst for the growth of NWs. The anisotropic interaction
would produce superior wetting or spreading of the nano-
particle along a specific direction. The importance of the
nanoparticle−surface interaction is supported by the fact that
the direction of nanoparticle-catalyzed etching of graphene on
A-plane and R-plane sapphire matches the alignment of NWs
and CNTs on those surfaces (as summarized in Table 1).20,21

When considering the case of CNTs, there are two options: (i)
the nanotubes are aligned by the catalyst or (ii) both nanotubes
and metal nanoparticles are aligned by the same mechanism,
i.e., strong van der Waals interactions along specific crystal
directions. These options are not mutually exclusive and may
coexist. That would mean that option (i) applies to “crawling”
mode growth by the tip-growth mechanism, where the catalyst
nanoparticle propagates along the surface, pushed by the
growing nanotube, also known as “wake growth”.9 Option (ii)
would then apply to all other cases, i.e., “flying” mode or base
growth, where the catalyst is anchored at the base of the
nanotube and the growing nanotube is pushed away from it on
the surface. While we did not determine whether the growth of
the aligned CNTs on the M-plane sapphire is by tip growth or
base growth, it has been shown by Ago et al. that aligned CNTs
grow by base growth on a different sapphire plane, namely, R-
plane sapphire.35

Figure 3. SEM images of CNT growth on annealed M-plane sapphire.
(a) Left CNT is aligned along nanogrooves (which are visible in the
image), while the right CNT is gas flow aligned and is suspended over
the nanogrooves. The latter is evident by the alternating contrast of
the CNT. The bright sections are formed by the surface in contact
with the CNT, while the dark sections mark the suspended parts of the
CNT.31 (b) Surface-aligned CNTs grown from a patterned catalyst.
Longer CNTs display segments that are gas flow aligned and segments
that are surface aligned. (c) Ordered CNT serpentine. Red arrows
mark the direction of the gas flow, and cyan arrows mark the [12̅10]
direction.
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For graphoepitaxial alignment, as is the case for alignment on
faceted sapphire surfaces, such as annealed M-plane and
annealed miscut C-plane, the alignment mechanism is
obviously non-material-specific since alignment occurs along
surface relief features larger than the lattice parameter of
sapphire, and therefore feature geometry is the key factor. The
anisotropic interaction caused by the surface features is
characterized by uncompensated dipoles at facet edges, as
well as by higher contact area along facets and grooves.9 The
faceted surface would then cause alignment either of catalyst
particles, of nanotubes, or of both, as described above for flat
surfaces.

■ CONCLUSIONS
We found that CNTs align along specific crystal directions on
flat and annealed M-plane sapphire. The direction of the
alignment matches the alignment direction of other one-
dimensional nanostructures, namely, GaN and ZnO NWs, on
these substrates. We suggest a possible common alignment
mechanism for CNTs and NWs on M-plane sapphire, by non-
material-specific anisotropic interaction. Our findings further
affirm the generality of the phenomenon of guided growth on
anisotropic crystalline substrates, suggesting that such surfaces
could be successfully used for the alignment of other one-
dimensional materials, such as various nanotubes, nanowires,
and biopolymers.
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Figure S1. Cross-sectional TEM of M-plane sapphire surfaces before and after 

annealing: (a) Cross-sectional TEM of non-annealed M-plane sapphire, showing a flat 

surface. (b) Cross-sectional TEM of annealed M-plane sapphire, showing V-shaped 

grooves. (c) High resolution cross-sectional TEM of annealed M-plane showing the 

crystal direction of the grooves and the alternate R ( )2110  and S ( )1110  facets. 
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