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wide-range of potential applica-

tions that utilize the unique elec-

tronic, mechanical, and optical
properties of carbon nanotubes (CNTs) re-
quires precise control of their structure, but
such control has not yet been achieved.' 1
Plasma-enhanced chemical vapor deposi-
tion (PECVD), and related CVD processes
from CH4/H, gas mixtures using metallic
catalyst nanoparticles enable large-scale
growth and controlled spatial placement of
carbon nanotubes on substrates,>'" but
these methods always produce a mixture
of nanotube structures and sizes. Progress
in our fundamental understanding of the
atomic-level processes at the catalyst—CNT
interface and growth mechanisms has
come primarily through careful studies of
the structure, phase, and shape of catalyst
crystals, from which the nanotubes grow.
Both ex situ and in situ transmission electron
microscopy (TEM) techniques and X-ray
photoelectron spectroscopy (XPS) have
been used to characterize catalyst shape
and structure. One surprising finding is that
Fe-, Co-, and Ni-based catalysts dynami-
cally change their shape yet remain fully
crystalline during high temperature CNT
growth by CVD.'?"'8 Recently, we used a
convergent beam electron diffraction (CBED)
technique in the TEM to show that segments
of single crystal Fe;C catalysts located inside
the base of multiwall carbon nanotubes
(MWCNTSs) grown by PECVD were twisted, ro-
tated, and bent'® by stresses exerted during
growth by the graphene walls surrounding
the catalyst. These observations suggest that
the catalyst nanoparticle and the graphene
walls undergo complex dynamic interactions
that influence how CNTs grow.

Whether CNTs grow epitaxially on cata-

lyst nanoparticles remains an open issue. If
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ABSTRACT We examined the structure, morphology, and orientation of catalyst nanoparticles used for seeding

and growing multiwall carbon nanotubes (MWCNTs) by plasma enhanced chemical vapor deposition in CH,/H,

gas mixtures. Iron catalyst nanocrystals are converted to Fe;C in CH,/H, plasmas and the MWCNTs grow from Fe;C

nanocrystals. Initially faceted and equiaxed catalyst nanocrystals are distorted and elongated significantly once a

tubular CNT structure is formed around the catalyst particles. Eventually, catalysts deform into elongated tear-drop

shapes. Once this morphology forms, CNT structures produced are straight and have uniform diameters.

Surprisingly, the Fe;Cnanocrystals located inside the base of well-graphitized nanotubes do not exhibit a preferred

orientation relative to the nanotube axis. Catalyst nanocrystals in a variety of orientations relative to the nanotube

axis still produce well-graphitized nanotubes with similar diameters and structures.

KEYWORDS: carbon nanotubes - nanotube orientation - plasma enhanced chemical
vapor deposition

epitaxy is important in CNT growth, orienta-
tion of the catalyst nanoparticle and the
CNT growth axis should be correlated; ob-
servation of an ensemble of CNT-catalyst
nanoparticle pairs should show preferred
catalyst orientations with respect to the
CNT growth axis. It was suggested that de-
composition of carbon-containing species
and graphite formation may occur on spe-
cific crystallographic faces that have high
catalytic activity,?® which may also result in
a preferential catalyst orientation relative to
the nanotube axis.?"?? In the case of an
FesC nanoparticle catalyst, epitaxial growth
of graphene layers from catalyst faces ori-
ented perpendicular to the CNT axis seems
unlikely because the symmetry of the two
structures, orthorhombic and hexagonal,
are incommensurate. However, epitaxy
could occur at step edges along the length
of the catalyst. Indeed, there are a number
of Fe;C crystallographic planes whose spac-
ing is either equal to, or an integer mul-
tiple of, the 0.34 nm CNT wall spacing, and
this could lead to epitaxial growth of
graphene layers. Specifically, the (001),
(110), (002), (030), (220), (004), and (023)

*Address correspondence to
aydil@umn.edu.

Received for review April 30,2010
and accepted August 30, 2010.

10.1021/nn100944n

© 2010 American Chemical Society

VOL.4 = NO.9 = 5087-5094 = 2010 a@%{\)

Published online September 9, 2010.

5087



5088

Si

100 nmi

Figure 1. (@) An SEM image of the iron catalyst film that was broken
up into small nanometer-sized islands during the hydrogen plasma
pretreatment. (b) A magnified view of the faceted iron catalyst is-
lands. (c) Cross-section TEM image of the iron catalyst after pretreat-
ment reveals the faceted nature of the catalyst crystals. (d) Cross-
section TEM image of the catalyst film after 5 min of methane plasma
exposure (growth conditions) shows deformed catalysts surrounded
by ~5 nm thick layer of graphene walls. (e) Cross-section TEM im-
age of an elongated crystal found inside a growing nanotube. (f)
Cross-section SEM image of the ~4 um thick CNT film after 30 min
of growth. (g) A magnified view showing the CNT attachment to the
substrate as well as catalysts that did not produce CNTs. (h) BF-TEM
image (left) of a similar crystal next to a schematic showing pictori-
ally how catalyst crystals remain at the base of the CNT, attached to
the substrate. (i) HAADF image of a representative Fe;C catalyst
found inside the base of a MWCNT.

planes could potentially support epitaxial growth. In
support of this hypothesis, Wen et al. reported that FesC
catalyst crystals were preferentially oriented with ei-
ther their [100] or [101] direction parallel to the nano-
tube axis. In contrast, other studies highlighted the im-
portance of the initial graphitic seed that forms on the
metal in facilitating nanotube growth.?>?* For example,
Marchand et al. used field emission microscopy to ob-
serve the incremental axial rotation of SWCNTs during
growth from nickel nanoparticles,?® and concluded that
this rotation was evidence for growth via a screw-
dislocation mechanism one carbon dimer at a time, as
proposed by Ding et al.?® Herein, we use (S)TEM imag-
ing and diffraction techniques to examine the structure,
shape, and orientation of more than 20 FesC catalyst
crystals found inside the base of MWCNTs and show
that CNTs of similar structure and size grow from cata-
lyst crystals that are in no particular preferred
orientation.

RESULTS AND DISCUSSION

Evolution of Structure and Morphology During CNT Growth.
Multiwall carbon nanotubes were grown using a radio
frequency (13.56 MHz) inductively coupled plasma and
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iron catalyst through PECVD. Using scanning electron
microscope (SEM) and TEM, we examined the structure
and morphology of the catalysts at each point through-
out the carbon nanotube growth process. Figure 1 pan-
els a and b show low- and high-magnification SEM im-
ages of the iron catalyst particles on silicon after
pretreatment of the iron film by exposing it to an H,/Ar
plasma. This pretreatment efficiently breaks apart the
continuous 10 nm thick film to form nanometer-sized
metal islands. A range of metal island sizes was ob-
served, from approximately 10 nm to larger than 100
nm. Although not as evident in the SEM images, the
cross-sectional TEM images of the pretreated film (see
Figure 1c) clearly show that these metal islands are
highly faceted body-centered cubic (BCC) iron crystals.
TEM and electron diffraction of these crystals confirm
that they are BCC.?’

After 5 min of H,/CH, plasma exposure, cross-
sectional TEM images revealed visible changes to the
catalyst crystal shapes and structures (see Figure 1d,e).
Through CBED analysis, we found that the initially BCC
iron crystals had been transformed into an FesC (ce-
mentite) crystal phase (orthorhombic space group
Pnma No. 62, a = 0.5008 nm, b = 0.4465 nm, ¢ = 0.6725
nm)." All catalyst crystals by this point were covered
with graphene walls approximately ~5 nm thick, as
shown in Figure 1d,e. Catalyst crystals no longer exhib-
ited faceting, and either appeared slightly spherical or
deformed from their well-faceted shapes when they
were BCC iron. Sun et al.?® showed that CNTs and car-
bon onions can exert internal pressures up to ~40 GPa,
which can cause metal nanocrystals located inside
these structures to deform. Such pressures are well
above the yield strength of bulk Fe (~140 MPa) and
the deformation can be a direct consequence of the
enormous pressures that are exerted by the encapsulat-
ing graphene walls. The order of catalyst deformation,
transformation to Fe;C, and graphene wall formation is
unknown, but the catalysts seemed to lose their facets
always after graphene layers had formed around them.
Regardless of the order, these events formed the initial
seed for the subsequent CNT growth. In fact, some of
the catalyst crystals appeared elongated and were
found inside short nanotubes, in the very beginning
stages of growth. At this initial stage of growth, the nan-
otubes were typically short (ca. 100—150 nm) and
highly deformed, exhibiting severe curves or kinks as
shown in Figure Te.

CNTs grew from the FesC catalyst crystals to a length
of about 4 wm during plasma exposure for an addi-
tional 25 min (see Figure 1f). The majority of CNTs have
an average diameter of 29 *= 5 nm, as measured from
BF-TEM images; however, larger tubes ~80 nm in diam-
eter that grew from catalyst nanoparticles of different
morphologies were also present. As is evident from
these SEM images, the straightness of each nanotube
varies along its length. Typically, the tips of CNTs are
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curled and usually contain large chunks of the catalyst.
This curled- and kinked-tip morphology resembles the
morphology of the short nanotubes observed during
the initial stages of growth (see Figure 1f). This mor-
phology would be expected as CNTs grew longer and
this initially deformed section was pushed upward. To-
ward the base, nanotubes straighten out considerably,
as evident in the cross-section SEM image of Figure 1g.
Thus, the CNT growth seems to settle into a steady
growth process after the deformation and break-up of
the initial catalyst particle. This process leaves the tip
curled and kinked. Additionally, many catalyst particles
did not produce tubes, as is evident by the numerous
spherical-shaped graphene-covered catalyst particles in
the SEM image shown in Figure 1h. In these cases, we
presume that the process that brings additional C at-
oms to add to the CNT had stopped. Catalyst particles
that are completely enclosed in CNTs do not participate
in CNT growth. On the basis of this observation we con-
clude that graphene walls form a diffusion barrier
around these catalyst particles and prevent the gas-
phase precursor from interacting with the catalyst par-
ticle. In contrast, we always observe, on nanoparticles
that lead to CNT growth, a section that is free of
graphene walls to allow carbon precursor access to
the nanoparticle.

Catalyst particles that produced well-graphitized
CNTs remained attached to the substrate. In general,
CNTs grew via a base-growth mode, whereby the cata-
lyst remained attached to the substrate.” Our BF-TEM
and ADF-STEM images (Figure 1h,i) revealed that the
Fe;C catalysts located inside CNT bases exhibited an
elongated tear-drop shape with a constant smooth
taper and lengths typically greater than 150—200 nm.
Despite a wide distribution of initial catalyst nanoparti-
cle sizes, diameters were very consistent and produced
CNTs with a narrow diameter distribution (29 = 5 nm).
These tear-drop shaped catalyst particles, although
single crystalline, have combinations of small angle
(ca. 1—3 deg) misorientations along their axial
lengths.” The catalyst edges oriented approximately
parallel to the axis of the CNT appeared very smooth,
while the bases exhibited clear faceting, which is consis-
tent with observations by Begtrup et al. who found
that Fe catalysts inside CNTs exhibited facets only on
the end surfaces exposed to the carbon source.' The
opposite end of the catalyst usually appeared rounded
and often was covered with a layer of graphene. Previ-
ous in situ microscopy studies have correlated spherical
catalyst shape with formation of hemispherical
graphene domes during CNT growth.'® Interior
graphene cups observed at various locations along the
length of most nanotubes were formed on this rounded
end of the catalyst.

Closer examination of the base region of the cata-
lysts, where they were attached to the substrate, re-
vealed that Fe;C is capped by a ~5 nm thick layer of
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Figure 2. High-resolution (a) BF-TEM and (b) HAADF-STEM
images of the base region of two similar catalyst crystals.
Both Fe;C catalysts exhibit clear faceting and are capped by
a thin layer of iron oxide. CNT walls do not extend all the way
to the base but instead terminate at the iron oxide. (c) EEL
and (d) EDX spectra obtained from the catalyst shown in the
HAADF image of panel b confirm that the cap at the cata-
lyst base contains iron, oxygen, and carbon.

iron oxide (Fe,0,) as determined from EDX and EELS
analysis (see Figure 2¢,d). Figure 2 panels a and b show
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Figure 3. BF-TEM images of catalysts at early stages of CNT
growth. (a) A catalyst at the base of a CNT beginning to elon-
gate during the early stages of CNT growth. Adjacent sec-
tions of the catalyst are different sizes and are at different
orientations. (b) A catalyst observed slightly further along in
growth as evident by the more elongated shape. The ar-
rows indicate a point of neck formation, where further
growth would cause the catalyst to break in two. (c) A small
portion of catalyst that had separated from the base catalyst
through this necking process. CBED revealed that the orien-
tation of the two pieces relative to the incident electron
beam were identical. (d) An entire nanotube labeled with ar-
rows that show small pieces of catalyst at various points
along its length. The majority of catalyst that separates from
the base occurs during early stages of growth, and there-
fore appears at the CNT tip.

BF-HRTEM and HAADF-STEM images of this oxide cap,
respectively. The oxide was observed on all catalysts,
and existed in both crystalline and amorphous forms.
The HAADF-STEM image of Figure 2b, where the inten-
sity is proportional to Z'7 (Z is the average atomic num-
ber),? clearly shows the different components of the
base region. Thin layers of iron oxide were observed by
Blank et al. on iron carbide catalyst crystals located at
the tips of CNFs grown by disproportionation of CO.3°
However, a study by Heresanu et al. showed that iron
oxides can also form during the cooling step, after CNT
growth.3! In our case, we believe that the oxide is
present during the entire growth as a result of oxides
not being completely reduced during the pretreatment
step or by interaction of the catalyst with the native ox-
ide. The amorphous nature of many of the oxides, as
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well as the carbon concentration found to exist in the
oxide as measured with EELS, supports this conclusion.
Initial Stages of CNT Growth. Next, we examined the
early stages of CNT growth to understand how the cata-
lyst morphology changes with the growing nanotube.
Figure 3 shows BF-TEM images of Fe;C catalysts at dif-
ferent stages of CNT growth. Previous in situ TEM stud-
ies have captured the dynamics of carbon cap forma-
tion on Fe;C catalyst crystals and subsequent cap lift-
off from the catalyst during the initial stages of CNT
growth." We found that, once a tubular carbon struc-
ture formed, the catalyst became severely elongated
during growth. For example, Figure 3a shows a BF-TEM
image of a catalyst shortly after the tubular structure
of a CNT had formed. It has been elongated in the direc-
tion of tube growth and consists of adjacent sections
that are of different sizes and orientations. The sur-
rounding graphene walls follow the contours of the
catalyst, and thus exhibit significant amounts of strain
and many kinked sections. This structure reinforces the
earlier observation that the curling and bending of the
nanotubes, as observed in SEMs, like in Figure 1f, is as-
sociated with catalyst deformation and break-up. Figure
3b shows a catalyst inside the base of a CNT that was
slightly further along in its growth, as evident by the
catalyst’s increased elongation. The general shape of
the catalyst near the base looks similar to the elongated
tear-drop shape of catalysts observed in CNTs grown
for 30 min. Large chunks of catalyst are visible inside
and farther up the CNT; as more carbon is added from
the gas phase, these sections move upward with the
growing nanotube. Stresses exerted by the growing
nanotube deform the catalyst during growth. Some re-
gions, as indicated by the arrow in Figure 3b experience
necking, i.e., plastic deformation as a result of these
stresses, which eventually causes the top section of the
catalyst to break away from its base. Necking suggests
that the catalyst particles experience tensile stresses ex-
erted in the direction parallel to the CNT axis as a re-
sult of CNT growth. Figure 3c shows a small section of
Fe;C catalyst that was separated through this process.
Continued addition of carbon at the very base of the
nanotube after separation caused this small section to
move upward approximately 40 nm with the growing
nanotube. CBED patterns recorded from this small sec-
tion and the base revealed that the orientation of the
small section was the same as the larger catalyst from
which it separated. This process may repeat itself many
times as the nanotube grows; the resulting nanotube
thus contains numerous FesC catalyst crystals of vari-
ous lengths from ~10 to >100 nm along its length. Fig-
ure 3d shows a BF-TEM image of an entire nanotube ori-
ented such that the base of the nanotube is at the
bottom of the image. Once detached from the parent
catalyst, which remains attached to the substrate, the
smaller catalysts inside the growing nanotube no
longer participate in the CNT growth process, that is,
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they no longer produce graphene layers. We conclude
that these catalyst particles do not have access to the
carbon source; CNT walls stop the carbon precursor dif-
fusion. Typically, the largest chunks of catalyst are sepa-
rated from the base catalyst during the initial stages of
growth, and thus remain at the CNT tip (see Figure 3d).
Because the graphene layers follow the contour of
these crystals, the CNT tip usually exhibits many kinks
and curves which are not present throughout the rest
of the relatively straight CNT, as seen in earlier SEM im-
ages (see Figure 1).

We conclude that our catalysts remain solid and
crystalline during growth, based on previous in situ ob-
servations of CNT growth from crystalline Fe;C
catalysts'>'* as well as on molecular dynamics simula-
tions of the size-dependent melting behavior of Fe—C
particles®? that indicate catalysts are only completely
molten at temperatures above 1200 °C. Yet, we observe
that catalysts undergo severe deformations and break
apart. As shown in Figure 3, FesC catalyst crystals start
to elongate once a tubular CNT structure has formed. At
the growth temperature of 800 °C, the thermal expan-
sion coefficient of FesC (4.1 X 107° K )3 is approxi-
mately 1 order of magnitude larger than the thermal ex-
pansion coefficient of the surrounding CNT (3 X 1076
K~1).3* Additionally, the surrounding CNT walls exert sig-
nificant internal pressures on the catalysts, ranging
from ~20 GPa for single wall to more than 40 GPa for
six or more walls.>* These internal pressures are well
above the estimated tensile and compression strengths
of ~5 GPa for Fe;C.3® The combination of these two ef-
fects constrains the catalyst along the CNT axis, elongat-
ing the catalyst. The most severe distortions, including
neck formation, occur at locations where the number of
encapsulating CNT wall is large, that is, locations expe-
riencing the highest internal pressures.

Catalyst Orientation with Respect to the CNT Axis. We deter-
mined the orientations of Fe;C nanocrystals with re-
spect to the CNT growth direction and examined
whether there is a preferred orientation between the
CNT and the catalyst crystallographic orientation. While
the proper description of the growth direction of a
SWCNT must include both, the orientation of the CNT
relative to the catalyst crystal and the chirality of the
CNT, in MWCNTSs (>2 walls), the discussion of the chiral-
ity of the entire tube becomes meaningless because dif-
ferent walls can have different chirality. Thus, the only
remaining meaningful characterization for discussion of
CNT growth direction is through the overall orienta-
tion of the CNT relative to the catalyst crystal. An unam-
biguous way to determine the orientation of an Fe;C
crystal located inside a CNT is by searching for and iden-
tifying two crystallographic directions of the crystal,
each perpendicular to the CNT walls. A double-tilt
holder within the TEM enabled tilting of the crystal to
multiple zone axes and facilitated this search. The cross
product of these two directions yields the catalyst’s
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Figure 4. Schematic illustration of the method used to de-
termine the relative orientations of the CNT axis and the
catalyst orientation. The catalyst crystal is tilted to multiple
zone axes and two crystallographic directions of the crystal,
(1) and (2), each perpendicular to the CNT walls, are identi-
fied. The cross product of these two directions yields the
catalyst’s crystallographic direction that lies along the axis
of the CNT.

crystallographic direction that lies along the axis of the
CNT (Figure 4). Two SAED patterns used to determine
the orientation of a catalyst inside the base of a CNT
are shown as an example in Figure 5. In this particular
case, the Fe;C catalyst crystal was tilted to two differ-

B =[102]

Figure 5. An example illustrating the method used for de-
termining the catalyst orientation relative to CNT axis. First,
SAED patterns were obtained from an individual Fe;C cata-
lyst crystal at two different zone axes, in this example (a)
[001] and (b) [102]. BF-TEM images of the same crystal at
each orientation are also shown. Two diffraction spots from
the surrounding CNT walls are also present in each pattern;
one of these spots in each pattern is circled and denoted by
its reciprocal lattice vector, goo,. This vector, by definition,

is perpendicular to the nanotube axis. The Fe;C crystallo-
graphic direction corresponding to the diffraction spot that
is in line with this ggo, vector is circled and labeled in each
pattern, and is thus also perpendicular to the nanotube axis
([002] and [402]). The cross product between these two di-
rections yields the orientation of the catalyst along the nan-
otube axis, [010].
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ent zone axes, [001] and [102]. The Fe;C crystal at each
orientation is shown in the BF-TEM images of Figure 5. A
selected area electron diffraction (SAED) pattern was re-
corded at each zone axis such that diffraction from
both the catalyst crystal and CNT walls were simulta-
neously visible. The reciprocal lattice vector, ggo, asso-
ciated with the 002 diffraction spot of the surrounding
CNT walls, is perpendicular to the nanotube axis, and is
indicated on each pattern. The diffraction spots from
the FesC crystal at each orientation that are in line with
the diffraction spots from the CNT walls are thus also
perpendicular to the nanotube walls. Both diffraction
spots are also circled in each SAED pattern. In this ex-
ample, at the [001] zone axis, the [002] crystallographic
direction is perpendicular to the CNT walls, while at the
[100] zone axis, the [402] crystallographic direction is
perpendicular to the CNT walls. The cross product of
these two directions, [002] X [402], gives the Fe;C crys-
tallographic direction that is parallel to the CNT axis,
[010] in this example. More than 20 Fe;C crystals lo-
cated inside the base of CNTs were examined using this
method. To our surprise, we did not find a consistent
preferred catalyst orientation relative to the nanotube
axis. Observed directions relative to the nanotube axis
included [001], [031], [114], [010], [100]. Often, however,
the CNT go0, vector appeared at a small angle (less
than ~5°) relative to Fe;C diffraction spots at the zone
axes visited, and thus a definitive orientation relation-
ship between the catalyst and CNT axis was not even
possible. This is only possible if the catalyst was ori-
ented with a much higher-order plane parallel to the
CNT axis, or if there was no orientational relationship.
Our observed lack of correlation between the catalyst
and CNT axis is in contrast to a previous study by Wen
et al. who found that Fe;C catalyst crystals were prefer-
entially oriented with either their [100] or [101] direc-
tion parallel to the nanotube axis.2' Their findings ap-
pear to be based on a single diffraction pattern for each
catalyst, which is correct only if the nanotube axis is ori-
ented perpendicular to the incident electron beam. It
is unclear if this criterion was satisfied during their
analysis. Moreover, many tubes need to be examined
to draw statistically significant conclusions and to es-
tablish that the same catalyst orientations are observed
multiple times. Observation of a variety of relative CNT
and catalyst orientations even within a modest sample
of 20 CNTs is surprising and support the conclusion that
catalysts with many different orientations with respect
to the CNT axis can lead to growth.

Our observation that CNTs of similar structure and
size grow from catalyst crystals that are in no particu-
lar orientation suggests that the initial CNT seed that
forms on the catalyst nanocrystals is key to understand-
ing and controlling CNT growth. It appears that what
is necessary for CNT growth is simply a spherical or
hemispherical graphene seed on a catalyst, a source of
decomposed carbon, and a location where the

) VOL. 4 = NO.9 = BEHR ET AL.

graphene walls are attached to the catalyst for the C at-
oms to add. Well-faceted catalyst nanoparticles de-
form into more rounded shapes as graphene layers
form on their surfaces and act as the seeds from which
the CNTs begin to grow. If the graphene walls form a
nearly perfect and continuous layer on a nanoparticle,
access to the carbon source is blocked and the catalyst
does not lead to CNT growth. The lack of catalyst orien-
tation suggests that either the initial cylindrical or hemi-
spherical graphene seed can be formed on a variety of
Fe;C crystalline faces, or the catalyst changes its relative
orientation after a graphene seed is formed from spe-
cific faces. It does not appear that the graphene nano-
tube walls are necessarily produced in an epitaxial pro-
cess directly from FesC faces.

Finally, we contrast our findings to studies on
SWCNT growth, particularly those where the authors
have found that one can alter nanotube orientation and
chirality by manipulating the structure and composi-
tion of the catalyst particle.¥ % For example, Chiang
et al. changed the ratio of Ni to Fe in the catalyst and
showed that the atomic spacing in the catalyst affects
the epitaxial lattice match with the graphene layers of
a CNT and, consequently, the chiral distribution of the
resulting SWCNTs.*’ Reich et al.*® and Zhu et al*°
showed that chiral selectivity could occur by control of
cap nucleation. For example, Zhu et al. showed that the
angle of the step edge relative to the growth direction
is a key factor in determining chirality.3 They observed
the apparent epitaxial formation of a cone-shaped cap,
which transformed into a cylinder as the growth pro-
ceeded. However, once the cap lifted off, the particle
appeared to change shape, and the CNT walls appeared
to originate from a slightly different location. It may be
that the initial seed forms epitaxially but the relative ori-
entation of the CNT and the catalyst changes as growth
proceeds by the addition of carbon atoms to the exist-
ing graphene edges.

There are significant differences in MWCNT and
SWCNT growth. For example our catalyst particles re-
ceive up to twice as much pressure from the large num-
ber of surrounding graphene walls than would catalyst
particles surrounded by only a single graphene wall. As
a result, the modification of the catalyst crystal and
growth of CNT are strongly intertwined. It is entirely
possible that any correlation between the catalyst and
CNT orientations that may exist during initial nucleation
is lost during growth: the epitaxial relation may be im-
portant in nucleation of the walls but not during their
growth. A combination of our results with those on
SWCNTSs suggests that the formation of the initial CNT
seed on the catalyst is important and the CNT orienta-
tion and chirality may be determined at this initial
stage. The orientational relation between the catalyst
and the CNT(s) may change as the growth proceeds by
the addition of carbon atoms to the existing graphene
edges. These observations are consistent with the idea
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that once an initial seed is formed, all that is needed is
a source of carbon to facilitate further growth by addi-
tion to existing graphene edges. Thus, when the orien-
tational correlations between the CNTs and the catalyst
particles are examined at later stages of the growth
one may not find a correlation as discovered herein.

CONCLUSIONS

The growth of CNTs from iron-based catalyst crys-
tals by PECVD was examined ex situ with (S)TEM and
SEM imaging, EDX and EELS spectroscopy, and diffrac-
tion techniques. Although the catalyst film was depos-
ited as BCC iron, CNTs grew during CH4/H, plasma ex-

METHODS

Catalyst Nanoparticle Deposition. The iron catalyst was deposited
as a 10 nm thick film on native-oxide coated silicon substrates us-
ing electron-beam evaporation. Substrates were placed on a re-
sistively heated substrate platen located 25 cm below the planar
transformer-coupled plasma coil.?’ Before nanotube growth,
the iron catalyst film was heated to 700 °C and exposed to an
Ha:Ar (50:5 sccm) plasma maintained with 200 W RF power at 150
mTorr for 15 min to form nanometer-sized metal islands, and to
reduce iron oxides present in the catalyst film.

CNT Growth by PECVD. Carbon nanotubes were grown by PECVD
from CH,4 and H; diluted in Ar in a chamber that was described
previously in detail*! To grow nanotubes, the temperature was
increased to 800 °C after pretreatment and a mixture of CH, and
H, diluted in Ar was introduced into the chamber. A gas mix-
ture of Hy:CH,:Ar (5:5:68 sccm) was used during this growth step
and was chosen on the basis of a previous study,” where we
found that the addition of a small amount of hydrogen to a
methane plasma was necessary to grow well-graphitized straight
CNTs with a narrow diameter distribution. These conditions are
also typical of many growth protocols that have been reported in
the literature.’

Electron Microscopy. Characterization of individual CNTs and
catalysts, including high-resolution bright field (BF) and high-
angle annular dark field (HAADF)-STEM, (S)TEM imaging, elec-
tron diffraction (CBED and SAED), energy-dispersive X-ray spec-
troscopy (EDXS), and electron energy-loss spectroscopy (EELS)
was conducted using an FEI Tecnai F-30 (S)TEM with a Schottky
field-emission electron gun operated at 300 keV and equipped
with a Gatan Enfina spectrometer attached to the bottom of the
TEM column. Cross-section TEM samples were made by a stan-
dard wedge-polishing technique. For the remainder of the mi-
croscopy work, nanotubes were removed from the Si/SiO, sub-
strates by sonication in ethanol for 30 s, and then transferred to
copper TEM grids coated with a lacey carbon support film.
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