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arbon nanotubes (NTs) and graphene

have tremendous potential for fu-

ture nanoscale applications due to
their remarkable physical properties, such
as high carrier mobility and mechanical
strength.'? To realize the potential of these
two closely related materials, both compris-
ing sp?-bonded honeycomb structured car-
bon sheets, significant improvements to the
crystallographic control over their construc-
tion, orientation, and placement at the
nanoscale are required.® Toward this goal,
a number of techniques have been utilized
to precisely control the orientation and place-
ment of NTs, such as aligned growth utiliz-
ing atomic step-edge templates,*® single-
crystal templates,® 8 flow-alignment,®'°
electric-field alignment,'" and combinations
of the above techniques yielding novel
structures such as serpentines.’>~'* Crystal-
lographic nanoscale control over the con-
struction of graphene and few-layer gra-
phene (FLG) structures has seen progress
through nanolithographic methods,'” crys-
tallographic catalytic etching,'® '8 etch masks
made from nanowires and metallic nano-
junctions,'® localized etching with scanning
probes,2%?! ultrasonication,?*** and plasma
etching of NTs.2*%> Additional recent efforts
in precision nanofabrication have been di-
rected toward the goal of directly growing
NTs from carbon sources, such as graphene
oxide?® and reduced graphene oxide,”
without the need of a feedstock gas. Al-
though NTs have been shown to have a
chirality dependent adhesion to graphene,?®
most previous investigations focused on the
interactions between NTs and graphene in
its bulk graphite form;**3° with some of
this work showing that NTs grown through
laser ablation can be oriented along specific
bulk graphite crystal axes.>®
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ABSTRACT Carbon nanotubes are grown on few-layer graphene films using chemical vapor
deposition without a carbon feedstock gas. We find that the nanotubes show a striking alignment to
specific crystal orientations of the few-layer graphene films. The nanotubes are oriented
predominantly at 60 degree intervals and are offset 30 degrees from crystallographically oriented
etch tracks, indicating alignment to the armchair axes of the few-layer graphene films. Nanotubes
grown on various thicknesses of few-layer graphene under identical process conditions show that the
thinnest films, in the sub-6 atomic layer regime, demonstrate significantly improved crystallographic
alignment. Intricate crystallographic patterns are also observed having sharp kinks with bending
radii less than the ~10 nm lateral resolution of the electron and atomic force microscopy used to
image them. Some of these kinks occur independently without interactions between nanotubes
while others result when two nanotubes intersect. These intersections can trap nanotubes between
two parallel nanotubes resulting in crystallographic back and forth zigzag geometries. These
interactions suggest a tip-growth mechanism such that the catalyst particles remain within several
nanometers of the few-layer graphene surface as they move leaving a nanotube in their wake.

KEYWORDS: graphene - aligned carbon nanotubes - crystallographic etching -
catalysis - chemical vapor deposition

Here we report the growth of NTs on FLG
films using catalytic chemical vapor deposi-
tion (CVD) without a carbon feedstock gas.
We find that NTs grow along specific crystal-
lographic orientations of the FLG films.
Moreover, this crystallographic alignment
becomes significantly more pronounced on
thinner films that are less than approximately
six atomic layers thick. The orientations of
the NTs are 30° offset from crystallographic
etch directions occurring in graphene, 4%’
indicating that the NTs lie along the arm-
chair directions of the FLG lattice. A striking

feature of the NTs on FLG is that they make
occasional abrupt 60° or 120° changes in
direction along the other armchair orienta-
tions. These abrupt changes in crystallo-
graphic direction also occur when NTs
encounter one another, which is indicative
of a tip-growth mechanism along the sur-
face of the FLG.
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Figure 1. SEM image of NTs aligned to the crystallographic axes of FLG. The region exhibiting the most crystallographic
alignment, labeled A in the figure, is ~1.0 nm thick as measured by AFM. The thicker region, labeled B, is ~2.5 nm thick and
produced fewer and less aligned NTs than region A. Region C is an exposed portion of the underlying SiO, substrate.

RESULTS AND DISCUSSION

Figure 1 shows a scanning electron microscopy
(SEM) image of NTs grown on a FLG film ~1.0 nm thick
(region “A” in the figure), as measured by atomic force
microscopy (AFM). The lines in Figure 1 are NTs which
were grown at the elevated temperatures inside the
CVD furnace with an Ar and H; gas mixture without the
need for a carbon feeding gas (see details in Methods
section). Unordered NT growth on FLG without feeding
gas at elevated temperatures has previously been
attributed to residual carbon on the sample surface.'42
In contrast to this previous work, our cleaning and
catalyst preparation methods promote crystallographi-
cally oriented NT growth on FLG samples. Control
experiments utilizing an additional methane feedstock
gas show inhibited NT growth on the FLG and long NTs
only on the exposed SiO, substrate. Removal of tape
residue using a 400 °C furnace cleaning step prior to
catalyst evaporation®® and using a pristine CVD quartz
tube make negligible differences to the amount of NT
growth, indicating that the carbon source originates
from the FLG and graphite exfoliated onto the wafer. In
addition, the NTs in the figure each have a single bright
spot at one end, which is likely a catalyst particle. The
NT diameters are in the 4 to 10 nm range, as deter-
mined by AFM measurements. Also evident in Figure 1
are etch tracks formed through catalytic hydrogena-
tion of the FLG film.'®

To determine the crystallographic orientation of the
NTs, we statistically analyzed their growth ona ~0.4 nm
thick FLG flake (Figure 2). This sample contains a signi-
ficant number of etch tracks and NTs which permit a
statistical analysis of their orientations. Figure 2a shows
an AFM phase contrast image of the sample, which
serves to simultaneously determine the orientation
and position of both the NTs and the etch tracks. In
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this phase image, NTs have a greater contrast on the
graphene than the etch tracks, while the etch tracks
appear as the longer, fainter lines. Figure 2b shows
histograms of the total lengths of all NTs (solid blue
line) and etch tracks (dashed red line) in Figure 2a
versus angle. Each of these histograms show a series of
distinct peaks at 60° intervals, with the two sets offset
by 30°. Since nickel catalyst particles have long been
known to etch graphite predominantly along the
zigzag axes,*' for track widths like those in Figure 2
which are in the majority ~10 nm or greater,'’*°
we deduce that NT formation is mostly occurring along
the armchair directions. Future ultrahigh resolution
electron microscopy of suspended nanotube on
FLG samples would be particularly useful to indepen-
dently confirm and elucidate their crystallographic
characteristics.

The crystallographically aligned growth of NTs on
FLG becomes less pronounced as the flake thick-
ness increases. For FLG thicker than about five atomic
layers, the crystallographic alignment of CVD-grown
NTs is substantially decreased. This thickness-depen-
dent growth is illustrated by the single flake of FLG
shown in Figure 3a. This flake contains three regions
that have thicknesses of 4.7 (i), 1.8 (ii), and 0.4 nm
(iii). Detailed images of the FLG flake and the bound-
aries of the three regions (i—iii) are shown in the SEM
images of Figure 3b—d. The corresponding histograms
of length versus angle are plotted in Figure 3a. The size
of the regions in Figure 3b—d is chosen to include
roughly the same amount of total NT length, in order
to permit a valid statistical comparison between the
three regions. Care was also taken not to select regions
where NT growth may have been affected by FLG
edges. The histograms in Figure 3a show that under
the same growth conditions, the NT alignment along
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Figure 2. (a) AFM phase image of NTs and etch tracks in
graphene. In the image, NTs have a higher contrast on
the graphene while the etch tracks are the fainter lines.
(b) Histograms generated from the AFM phase image of the
total length of all NTs and etch tracks along a given angle,
with an angular bin size of 1°. Etch tracks tend to occur
every 60°, as represented by the peaks in the histograms,
while NT histogram peaks are offset by 30°. Data beyond
+90° are repeated in order to clearly view the peak located
at 90°.

the crystallographic axes of the FLG becomes much
more pronounced for flakes less than ~6 atomic layers
thick. A detailed AFM height analysis of more than 40
NTs in each of the three regions shows only a very
slight change in average NT diameter for the various
FLG thicknesses (from 6.2 &= 0.7 nm for the thinnest
layer to 7.9 + 1.6 nm for the thickest layer).

In addition to their pronounced crystallographic
alignment on thin FLG films, we also find that NTs
grown on FLG show abrupt changes in their direction
of alignment to the underlying graphene lattice, usual-
ly from one armchair direction to another. This change
in orientation produces kinks of 60° and 120° in
otherwise straight NTs, as seen in Figure 4 panels a
and b. Some of these abrupt changes seem to occur
independently without interactions between NTs (as
pointed to by the red solid arrows in Figure 4 panels a
and b), while others result when one NT comes into
contact with another (pointed to by the yellow dashed
arrow in Figure 4a). The abrupt changes in direction
without NT intersections may be due to interactions
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between the growing NT—catalyst structure and de-
fects or impurities in the FLG or SiO, substrate.

The interaction between growing NTs on FLG can
also result in intricate patterns. Examples of such
patterns are shown in Figure 4c,d, where a growing
NT has been bounded by two other NTs to form a
crystallographic back-and-forth pattern. This suggests
that the NTs grow through a surface-bound, tip-growth
mechanism since it would be highly improbable for a
fixed catalyst particle to produce such a structure
precisely fitting between two other NTs. The formation
of such back-and-forth patterns also indicates that the
catalyst particles on FLG must remain very close to the
surface (within a few nanometers) since NTs less than
10 nm in diameter act as effective barriers to the
growth of other NTs.

Such a surface-bound tip-growth mechanism has
previously been observed on faceted and atomic steps
where nanoparticles slide along the surface leaving a
NT behind in its wake.”** Although the intricate pat-
terns we observe support this NT growth process,
future in situ electron microscopy experiments would
be useful to definitively determine the mechanism.

We also observe that NTs do not tend to cross etch
tracks. Figure 4e shows a rare occurrence of a NT and
etch track intersection, but with the NT having a cut in
it. This suggests that the NT was formed first and a
nanoparticle cut through it while forming an etch track
at a later time. In addition, when a NT reaches a
step edge between regions of differing FLG thickness,
the nanotube will grow along the edge, as seen in
Figure 4f at the intersection between an ~0.5 nm and
an ~2.5 nm region.

The typical bending radius we observe at the kinks of
the NTs is less than the ~10 nm lateral resolution of the
SEM and AFM images. This upper bound to the bend-
ing radius is extremely small compared to the micro-
meter scale bending radii typically observed for NTs
when the growth and alignment is understood to
involve the lifting up of the catalyst particle from the
surface of the substrate.”'%"2~"* Such a small radius of
curvature could indicate that the NTs change crystal
direction abruptly rather than bend, which may have
potential use in forming NT junctions.*> Kinked NT
growth has been reported along step edges on miscut
quartz® and along various preferred crystallographic
directions on Y-cut and Z-cut quartz substrates due
to angular dependent van der Waals interactions.”'?
NT growth on Z-cut quartz shows similarity to the
growth geometries we observe on FLG substrates, with
NTs having abrupt changes in direction between the
three preferred growth axes which are separated by
60° intervals.

The crystallographic alignment of the NTs along the
armchair directions of the FLG could indicate the
prevalence of zigzag-oriented NTs. The interaction
energy between a carbon nanotube and a graphitic
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Figure 3. (a) SEM image of NTs grown on regions of a contiguous flake of FLG with thicknesses 4.7 (i), 1.8 (ii), and 0.4 nm (jii).
The corresponding histograms generated from the three regions show that crystallographic alignment increases as FLG
thickness decreases. (b—d) Higher resolution SEM images showing details of the three locations with the regions used for the

histogram analysis outlined in red.

substrate is dependent on the relative orientation of
their lattice structures,®®?%*® with the difference in
interaction energy for aligned and misaligned nano-
tubes being on the order of 10 meV per nanometer of
tube length.> This interaction energy could play a role
during the catalytic formation since the catalyst parti-
cle remains within several nanometers of the surface of
the FLG sheet. Moreover, since the catalyst particle
remains close to the FLG surface during NT growth, the
interactions between the catalyst particle and the FLG
could also be important in the growth of crystallogra-
phically aligned NTs. Recent work has found significant
electrostatic screening variations within FLG of various
thicknesses,*® and its interactions with metallic nano-
particles.*” Such electrostatic interactions may play a
role in the variation of crystallographic alignment for
various thicknesses of FLG, as found here in Figure 3.
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Recent work on single-crystal sapphire has demon-
strated that the chirality and diameter of NTs can be
influenced by the crystallographic surface of the
substrate.® Although this supports the possibility that
zigzag-oriented NTs may be prevalent on our samples,
another recent report on single-crystal quartz has
found that chirality and diameter are instead not de-
pendent on the crystalline substrate, even when the
NTs are well aligned along specific crystal axes.” Thus,
future experiments having either atomic resolution or
sensitivity to chirality will be required to determine
whether the crystal structure of the NTs themselves are
influenced by the FLG support.

To utilize the NTs in electronics could require their
isolation on insulating substrates away from the FLG
support on which they are grown. To demonstrate that
these NTs could be transferred to insulating substrates
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Figure 4. SEM images of NTs showing abrupt changes in
crystallographic alignment. (a, b) NTs showing abrupt
changes in direction on a FLG film ~0.4 nm thick, as
determined by AFM. Red solid arrows point to NTs that
abruptly change direction to an alternate crystal axis with-
out interaction with other NTs, while yellow dashed arrow
points to a NT that deflects away from another NT. (c, d) A
growing NT caught between two parallel NTs can be
deflected back and forth to create a zigzag-patterned NT,
appearing like a sequence of equilateral triangles. (e) Crys-
tallographically aligned NT that is etched through by a
catalyst particle. The location of the etch track through the
NT is pointed to by the solid red arrow. (f) NTs grown along a
step edge between two FLG regions of ~0.5 and ~2.5 nm
thicknesses.

we have utilized an AFM tip to drag them off of the FLG
flakes and onto the nearby SiO, substrate. Figure 5
shows the before (a) and after (b) AFM height images of
NTs which have been dragged from an ~1.1 nm thick
FLG onto the exposed SiO, with the AFM strokes
represented by the arrows. This physical transfer of
the NTs shows that they are not covalently bound to
the FLG surface.

Figure 5c shows another region on the same FLG
sample where ~10 adjacent strokes of an AFM tip
(as indicated by the arrows) have dragged NTs com-
pletely off of the FLG and onto the nearby SiO, to two
separate locations. Figure 5d shows micro-Raman
spectra taken at the three circled regions marked in
Figure 5c. The Raman measurements taken over the
NTs and FLG (region 1) show three distinct peaks in
Figure 5d that correspond to the well-known D, G, and
G' bands characteristic of sp®> bonded carbon
allotropes.”® Raman measurements over the clump of
NTs that were dragged from the FLG and displaced
over the SiO, substrate (region 3) show a similar sp?
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Figure 5. (a) AFM heightimage of NTs on ~1.1 nm thick FLG
before application of the AFM strokes represented by the
arrows. (b) AFM image of same region after application of
the AFM strokes showing NTs displaced off of the FLG
substrate. (c) AFM image of two regions of the same sample
where ~10 AFM strokes have moved a large number of NTs
through nanomanipulation with an AFM tip in the direc-
tions indicated by the arrows. Inset shows an AFM image of
the sample before the NTs were moved. (d) Micro-Raman
spectra of the three regions circled in panel c. (e) Expanded
view of G band peaks comparing detailed signal from the
region containing NTs on FLG (region 1) to the region
containing the deposited NTs on SiO, (region 3). The signal
from the isolated NTs in region 3 is multiplied by a factor of
2. Red curves are fits comprising the sum of the Lorentzian
line shapes plotted in green.

bonded carbon response, whereas a control experi-
ment over the SiO, (region 2) shows no appreciable
Raman response. These results are an indication that
the NTs we observe in fact comprise sp?> bonded
carbon. Moreover, in Figure 5e, a detailed comparison
of the G peaks of regions 1 and 3 shows that the shape
is significantly more complex for the isolated NTs over
the SiO,. When the NTs are isolated away from the FLG,
which contributes a large single-Lorentzian back-
ground peak (upper curve), a multi-Lorentzian peak
typical of carbon NTs is revealed (lower curve).*®

CONCLUSIONS

In summary, we report the CVD growth, without a
feedstock gas, of NTs that are aligned to the crystal
lattice of an underlying FLG support. Due to the
presence of simultaneously produced etch tracks in
the FLG, we can establish the relative crystallographic
orientation of the NTs and we find that the majority of
the alignment is along the armchair axes of the FLG,
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suggesting the prevalence of zigzag NTs. This crystal-
lographic alignment appears much more pronounced
in FLG films thinner than six atomic layers, indicating
that electrostatic interactions with the catalyst particles
may have a role in the NT growth mechanism. We have
also observed NTs with sharp kinks having angles
of 60° and 120°. These kinks can occur independently
without the NTs interacting with each other. The
sharp kinks are also formed at locations where NTs
intersect and interact with each other resulting in
crystallographic patterns, indicative of a tip-growth
mechanism where catalyst particles remain within
several nanometers of the FLG surface. These crystal-
lographically oriented geometries could prove useful as

METHODS

Crystallographically aligned NTs on FLG samples were pre-
pared on p-doped silicon substrates having a 300 nm thermal
oxide layer. The substrates were ultrasonicated in acetone,
isopropyl alcohol, and deionized water for 3 min each using a
Branson 2510 Bransonic Ultrasonic Cleaner. The substrates were
then subjected to UV ozone (UVO) cleaning for 15 min in a
NovaScan PSD Series Digital UV Ozone System. Highly ordered
pyrolytic graphite (HOPG) was then mechanically exfoliated
onto the substrates.>® Catalyst material was deposited onto
the substrate using electron-beam evaporation of a nominally
0.2 A thick film of Ni to form catalyst particles. Samples were
then placed in a chemical vapor deposition (CVD) furnace
(Thermo Scientific Lindberg, model TF55035C) with a gas flow
of 850 and 150 sccm of Ar and H, (determined with MKS Mass-
Flo controllers with MKS type 247D four-channel readout),
respectively, where they were annealed at 500 °C for 30—
60 min and then immediately heated to 900 °C for 60 min in
order to grow the NTs. Temperatures were achieved in both
steps using a controlled ramp rate of 50 °C per min. Immediately
following the growth period, the samples were allowed to cool
to room temperature.

Control experiments were performed in the slightly modified
(from above) gas flows of 700 sccm Ar and 150 sccm H; in order
to determine the effects of a 2500 sccm CH, feedstock gas. Two
sets of control samples were prepared; with and without an
additional tape residue removing step performed prior to Ni
evaporation. The tape residue removal was performed in the
CVD system at 400 °C for 1 h with a gas mixture of 340 sccm Ar
and 380 sccm of H2.

AFM height measurement, imaging, and nanomanipulation
were performed with an Asylum Research MFP-3D AFM. AFM
height measurement and imaging were performed in intermit-
tent contact mode. Nanomanipulation of NTs was performed in
contact mode using the Asylum Research MicroAngelo nano-
lithography and nanomanipulation package. SEM imaging was
performed with a Zeiss Supra 35 field-emission SEM with a
Gemini Column. Raman spectroscopy measurements were per-
formed with a Renishaw 100 confocal micro-Raman system with
a CCD detector; 633 nm excitation of a HeNe laser was focused
to ~1 um spot size with a 100x objective. Spectra were
acquired using a 60 s integration time.

Histogram analysis was performed by first digitizing the
locations of NTs and/or etch tracks with the use of a MatLab
code we developed. This code allows us to trace over a digital
image of NTs and etch tracks with a series of short straight lines
down to approximately 1 nm in length. The code stores the
length, direction, and position of each NT and etch track within
an analyzed region. Histograms, as in Figure 2b, are generated
by summing the total length for all the lines that fall within a
specific angular bin.
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kinked NT junction structures for future nanoelectronic
applications.*® To achieve such electronic applications,
it would be useful to move the resulting NTs to an
insulating substrate. We have demonstrated that NT
transfer to an insulating substrate is possible by suc-
cessfully dragging them with an AFM tip. This dragging
technique has been used to isolate a group of NTs away
from the FLG support in order to perform Raman
spectroscopy, which confirms that the NTs are made
of sp? bonded carbon. Other more elaborate methods
for nanoscale transfer that are currently being
developed*® might be capable of precisely placing
the NTs on insulating substrates without disturbing
their as-grown geometrical arrangements.
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