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ABSTRACT

Periodic patterning on one-dimensional (1D) carbon nanotubes (CNTs) is of great interest from both scientific and technological points of
view. In this letter, we report using a facile physical vapor deposition method to achieve periodic polyethylene (PE) oligomer patterning on
individual CNTs. Upon heating under vacuum, PE degraded into oligomers and crystallized into rod-shaped single crystals. These PE rods
periodically decorate on CNTs with their long axes perpendicular to the CNT axes. The formation mechanism was attributed to “soft epitaxy”
growth of PE oligomer crystals on CNTs. Both SWNTs and MWNTs were decorated successfully with PE rods. The intermediate state of this
hybrid structure, MWNTs absorbed with a thin layer of PE, was captured successfully by depositing PE vapor on MWNTs detached from the
solid substrate, and was observed using high-resolution transmission electron microscopy. Furthermore, this hybrid structure formation depends
critically on CNT surface chemistry: alkane-modification of the MWNT surface prohibited the PE single-crystal growth on the CNTs. We
anticipate that this work could open a gateway for creating complex CNT-based nanoarchitectures for nanodevice applications.

Introduction. Periodic patterning on one-dimensional (1D)
carbon nanotubes (CNTs) is of great interest from both
scientific and technological points of view. Periodically
patterned CNTs could lead directly to controlled two-
dimensional (2D) or three-dimensional (3D) CNT supra-
structures, an essential step toward building future CNT-
based nanodevices. Although both chemical and noncovalent
CNT functionalization have attracted extensive attention
during the past decades,1-4 very few efforts have been
dedicated to periodically patterning on individual CNTs.
Czerw et al. demonstrated regular organization of poly-
(propionylethylenimine-co-ethylenimine) (PPEI-EI) on CNTs
using scanning tunneling microscopy (STM).5 CNT elec-
tronic structure change upon attachment of polymers was
also reported.6,7 Single-stranded DNA (ssDNA) and proteins
have been bound to CNTs, resulting in periodic helical
wrapping on the surface of CNTs.8-10 Helical wrapping
SWNT with starch has also been reported.11,12 Periodic
patterning of functionalized SWNTs using Bingle reaction
was examined by Worsley et al. using STM, and the

occurrence of highly regular (periodicity∼4.6 nm), long-
range patterns was attributed to spatial fluctuation of electron
density induced long-range reactivity.13 Recently, we reported
using a controlled polymer solution crystallization method
to achieve periodically decorated CNTs and CNFs.14,15

Polyethylene (PE) and Nylon 6,6 single crystals were
controlled to grow on CNTs, forming a unique nanohybrid
shish kebab (NHSK) structure. In a NHSK, polymer single
crystals are periodically strung along the CNT axis; CNT
forms the “shish” while polymer single crystals form the
“kebabs”. Periodicity can be controlled easily by tuning
crystallization conditions. In a solution-formed NHSK, the
2D lamellar (kebab) normal is parallel to the 1D tubes,
rendering a 3D nature of the NHSK. The 3D structure is
advantageous for a number of applications such as nano-
composites. In other fields such as nanoelectronics, however,
a 2D hybrid structure is preferred, which demands the need
for an alternative means for fabricating periodic patterns on
CNTs.

The physical vapor deposition (PVD) technique is used
widely for solid surface study. Upon heating under vacuum,
metals/polymers decompose into small particles/oligomers
and deposit on solid surfaces.16-24 Gold has long been used
as the evaporation source to decorate polymer surfaces to
reveal fine surface topography.16,17 PE has also been used
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to investigate polymer surfaces.18,19,21-24 Upon heating under
vacuum, PE degrades into oligomers that form rod-shaped
single crystals. The orientation of the rods is particularly
sensitive to the substrate surface feature. Polymer single-
crystal sectorization and chain folding have been investigated
successfully using this technique.18,19,21-24

In this letter, we report using the polymer PVD method
as a facile means to achieve periodic patterning on individual
CNTs. PE was used as the model compound. The PE single-
crystal rods generated during PVD were patterned uniformly
on CNTs with the rod long axes being perpendicular to the
CNT axis. These rods also relatively periodically span along
the entire CNTs. The formation mechanism, generality of
the techniques, and the CNT surface chemistry effect were
investigated. We anticipate that this work could open a
gateway for creating complex CNT-based nanoarchitectures
for nanodevice applications.

Results and Discussion.Single-walled carbon nanotube
(SWNT)/dichlorobenzene (DCB) solution was first spin-
coated on a carbon-coated glass slide and decorated with
PE using the PVD method. The detailed experimental
procedure can be found in the Supporting Information (Figure
S1). Figure 1 shows a transmission electron microscopy
(TEM) micrograph of a PE-coated film. The sample was
shadowed with a thin layer of Pt/Pd to enhance the contrast.
Many small “islands” with an average height of∼10 nm
can be seen on the substrate (the height was estimated using

the shadowing angle; it can also be confirmed by AFM
experiments, see the following section). Of interest is that
numerous “centipede-like” objects can be seen from the
image, as indicated by the arrows. Careful examination of
the image shows that these “centipedes” are PE-coated
SWNTs (or small SWNT bundles): the SWNTs seemingly
form the “body of the centipedes” while PE forms the “feet”.
These “feet” are rod-shaped objects (about 120 nm in length
and 10 nm in width). Unlike the rest of the PE “islands”
formed on the carbon film, PE rods attaching to SWNTs
show uniform orientation and their long axes are perpen-
dicular to the SWNT axes. This peculiar morphology
resembles the NHSK we reported recently on the solution-
crystallized PE/SWNT hybrid structure. One obvious dif-
ference is that NHSK formed in solution crystallization is
3D in nature as discussed previously, while in the present
case, both PE rods and SWNTs are 1D objects and the
resulting centipede-like hybrid structure is two-dimensional.
2D-NHSK was thus adopted to name this unique structure.
CNTs form the shish while PE rods form the kebabs.
Compared to solution-formed NHSK, these 2D structures
might be more suitable for thin-film nanodevice applications.

The formation mechanism of these 2D NHSK is intriguing.
In PVD, PE chain scission occurs upon heating under
vacuum (typically 10-4-10-5 Torr) and the resulting vapor-
ized materials have a molecular weight (MW) on the order
of 1300 g/mol.19,25Upon deposition on the solid surface, these
PE oligomers crystallize, resulting in the rod-shaped objects
mentioned previously, which are extended-chain PE crystals
with the PE axis being perpendicular to the rod long axis.
Each PE rod has a width of about 10 nm, which corresponds
to MW of ∼1300 g/mol provided the extended-chain
configuration. Most importantly, those PE crystal rods
relatively periodically arrange on individual SWNTs and
have a periodicity of∼37.4 (7.9 nm. A histogram of the
2D NHSK periodicity is shown in Figure S2 in the Sup-
porting Information. Although a few of PE nanorods are
slightly oblique from the axis normal, most rods are
perpendicular to the SWNT axis. The inset of Figure 1 shows
a TEM image of a “nanonecklace” structure formed by PE
decoration on a SWNT loop. Although the SWNT possesses
an eclipse shape with a long axis of∼200 nm and a short
axis of ∼110 nm, rod-shaped PE crystals formed on the
SWNT loop as well with their long axes locally perpendicular
to the SWNT axis. This suggests that the present PVD
method can be adapted for patterning on complex CNT
arrays, and the orientation of PE rods is determined by the
local CNT axis direction.

The 2D NHSK feature can be confirmed by atomic force
microscopy (AFM) experiments. Figure 2 shows the AFM
tapping-mode images of PE decoration on SWNTs. Scans
[5 µm (a) and 2.5µm (b)] show that the surface of
PE-decorated SWNTs is flat. PE decoration is uniform, and
all of the SWNTs are decorated with PE crystal rods. Figures
2c, d, and f are 1µm scan of the height, amplitude, and
top-view images. PE rods relatively periodically span along
SWNT. An AFM height profile along the SWNT is shown
in Figure 2e. The average height measured from three

Figure 1. TEM image of PE-decorated SWNTs. Arrows indicate
“nanocentipede-like” 2D nanostructures, which are named 2D
nanohybrid shish kebabs. SWNTs form the central shish (the “body
of the centipede”) and PE rods form the kebabs (“centipede” feet).
PE crystalline rods are perpendicular to the SWNT axes. The inset
shows a “nanonecklace” formed by PE decorating on a SWNT loop.
Note that PE rods are locally perpendicular to the SWNT axis.
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different spots on one PE-decorated SWNT (indicated by
green, red, and white arrows in Figure 2e and f) is 12.4 nm,
whereas the PE rods slightly off the 2D-NHSK center have
an average height of 10 nm (Supporting Information Figure
S3). This suggests that the SWNT possesses a diameter of
2.4 nm. Directly measuring the SWNT height in the interval
regions of the PE rods (see Supporting Information Figure
S4 for details) also confirms this result. The relatively large
diameter indicates small SWNT bundle formation (2-4
SWNTs for each bundle), which is not surprising because
aggregation of SWNTs in the present case is dictated by the
degree of exfoliation of SWNTs in DCB (more concentrated
SWNT solution tends to induce more/larger SWNT bundles).
It should be noted that ridges between SWNTs in a bundle
might facilitate the PE rod single-crystal growth. Neverthe-
less, 2D-NHSK can also be formed on single SWNTs as
shown in the lower-left corner of Figure 2c. The AFM height
profile indicates that the tube diameter is∼1.2 nm (see
Supporting Information Figure S4), indicating the absence

of SWNT agglomeration. Hence, formation of the 2D-NHSK
is not significantly affected by SWNT aggregation. In all of
these images, PE rods were formed on the top of these
SWNTs (bundles) and were orthogonally oriented with
respect to the tube axis.

The orientation of the PE rods obtained in PVD has been
used as a marker to determine the chain-folding direction in
polymer single crystals.19,22,24In the present case, orthogonal
orientation of the rods and CNTs suggests that most of the
PE oligomers are parallel to the CNT surface. Previous study
showed that PE can epitaxially grow on graphite surfaces,
the (110) plane of orthorhombic PE crystals grew parallel
to the graphite substrate. The chain axis directions orientated
in the 〈11-20〉 directions of the graphite surface layer.26-32

In the present case, however, we observed that PE rods are
dominantly perpendicular to the CNT axis. Because the
HiPco SWNT was used in this study and a variety of chiral
configurations exists in these SWNTs,33,34 the uniform PE
orientation suggests that epitaxy is not the determining factor

Figure 2. AFM tapping-mode images of the PE-decorated SWNTs. a and b are height images of the 5µm and 2.5µm scan, respectively.
c, d, and f are the height, amplitude, and top-view images of the 1µm scan, respectively. e shows a height profile of the 2D NHSK along
the SWNT axis.
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for PE orientation. This might be due to the small diameter
of the SWNTs: because the diameter of the CNTs is small,
there are two factors determining PE chain orientation:
epitaxy and geometry effect. Epitaxy requires a〈001〉 PE//
〈11-20〉graphiteorientation. For CNTs with different chirality,
following strict epitaxy, PE chain should have different
orientations (parallel or oblique to the tube axis). However,
because SWNT possesses an extremely small diameter and
the tube surface is thus curvy, geometry effect requires the
PE chain to be parallel with SWNT axis disregarding the
SWNT chirality.15 Observation of the exclusive orthogonal
orientation between SWNT and PE rods suggests that
geometry effect plays the major role in determining PE chain
orientation. Because strict lattice matching is not required,
we name this growth mechanism soft epitaxy. Figure 3 shows
the schematics of the 2D NHSK structure. In armchair,
zigzag, and chiral SWNTs,〈001〉 PE or PE chain orientation
is always parallel to the SWNT axis. This soft epitaxy
mechanism also holds in the case of multiwalled carbon
nanotubes (MWNTs). Figure 4a is a TEM image of PE
decoration on a MWNT [synthesized by arc discharge
method (AD-MWNT), diameter∼5-15 nm]. The morphol-
ogy is similar to that of a SWNT, indicating that PVD is a
generic method for different CNTs.

Because the rods in 2D NHSK are PE oligomer crystals,
we anticipate that two steps are involved in the 2D NHSK
formation process. In the first step, decomposed PE oligo-
mers (MW ∼1300 g/mol) deposit on the solid surface,
forming a thin layer on the substrate. During this step, PE

oligomers coat the substrate uniformly regardless of the
surface chemistry. In the second step, these oligomers self-
organize to form single crystals. If the substrate is amorphous
carbon, then random orientation of PE crystals is formed.
In the CNT case, however, CNT could serve as the nucleation
sites. Nuclei formed on CNT and PE oligomers diffuse/
crystallize upon these nuclei. The orientation of the nuclei
dictates the final orthogonal orientation between PE rods and
the CNT axis. Hence, the second step clearly involves surface
diffusion and crystallization. To prove this two-step forma-
tion hypothesis, we design an experiment to decouple these
two steps by using a lacey carbon grid as the substrate to
conduct the PVD experiment. A lacey carbon grid consists
of a “broken” amorphous carbon film with numerous “holes”
(∼3-5 µm) to allow high-resolution TEM (HRTEM)
observation. By decorating PE on CNT-coated lacey carbon
grids, because some of the CNTs dangle on the “holes” and
thus are detached from the solid surface, PE oligomers cannot
diffuse onto these CNTs to grow further into single crystals.
Therefore, for all of the CNTs dangling on the “holes” of
lacey carbon grids, 2D NHSK should not form. Indeed, 2D
NHSK was not observed in the “hole” region of the grids,
and Figure 4b shows an HRTEM image of such a MWNT.

Figure 3. (a) Schematic representation of the 2D NHSK. A SWNT
forms the central stem (shish). PE forms elongated, extended-chain
single crystals. PE chain axes are perpendicular to the PE rod
crystals, while they are also parallel to the SWNT axis. b, c, and d
show the PE chain orientation on CNTs with different chirality.
No matter whether the CNT possesses an armchair (b), a zigzag
(c), or a chiral configuration, PE chains are always parallel to the
CNT axis, suggesting a soft epitaxy growth mechanism.

Figure 4. (a) TEM image of PE-decorated AD-MWNTs. b shows
an HRTEM image of a PE-decorated AD-MWNT. The MWNT
was located in the hole region of a lacey carbon grid. This image
captured the intermediate state of the PE decoration process. A thin
layer of PE molecules were deposited on the MWNT surface. PE
crystals did not grow on the CNT because the MWNT was detached
from the substrate; diffusion of PE oligomers onto the CNT surface
was thus prohibited. c and d show TEM images of PE decorated
on CVD-MWNT (c) and C18-MWNT (d). Lack of PE crystals on
the MWNT in d suggests that alkane modification prohibits PE
crystal growth on MWNTs, indicating that CNT surface chemistry
plays a crucial role in the 2D NHSK formation process.
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Three layers of the graphene sheets form the MWNT wall
and on the MWNT surface, a layer of PE coating can be
seen clearly as indicated by the arrows. The PE coating
appears to be continuous and has an average thickness of
about∼1-2 nm. This continuous PE coating appears to be
formed at the very beginning of this PVD process (step 1).
Because CNTs are detached from the substrate, PE oligomers
could not diffuse and grow further on the CNT surface. The
PE oligomers already absorbed on the CNTs in step 1 also
could not diffuse away from the CNT surface. The present
image therefore captured the intermediate state of the 2D
NHSK formation process. On the continuous carbon film
area of this grid, the second step is allowed; hence, 2D NHSK
structures were formed (Supporting Information Figure S5).
The two-step formation mechanism can therefore be con-
firmed.

Because the formation of the 2D NHSK was due to the
nucleation of PE on the CNT surface, the structure and
surface chemistry of the CNT might be major factors for
PE crystal growth and preferred side-wall structure might
be needed. To prove this hypothesis, MWNTs synthesized
by the chemical vapor deposition (CVD) method was used
in the PE decoration study. Figure 4c shows a TEM image
of PE-decorated CVD-MWNTs. PE crystal rods also periodi-
cally decorated on MWNTs although they are not as uniform
as those on the AD-MWNTs. In some areas, MWNTs were
only partially decorated as indicated by the white arrows.
This might be due to the defect groups on the CVD-MWNT
side walls. To further vary CNT wall structure, octadecy-
lamine was covalently attached to the CVD-MWNT surface
as reported (C18-MWNT; details about surface modification
can be found in the Supporting Information and references
therein). Figure 4d shows the TEM image of PE-decorated
C18-MWNTs. It can be seen clearly that while the tubes
are curvy, similar to Figure 4c, the CNT surfaces are smooth
and PE crystals did not form on the C18-MWNT surface.
PE rod crystals formed on the free carbon surface. This
indicates clearly that alkane-modified CNTs prohibit PE
crystal growth on the CNT surface. It can therefore be
concluded that the side-wall structure and surface chemistry
of CNTs play a crucial role for successful PE decoration on
CNTs. A uniform, smooth graphene-like surface is preferred
for PE crystal formation.

Conclusions.In summary, we have shown that, for the
first time, the PVD technique could be used for patterning
polyethylene oligomers on CNTs. PE was decorated on the
surface of SWNTs and MWNTs due to CNT initiated PE
crystallization and the 2D NHSK was formed. The orthogo-
nal orientation of the PE rods and the CNT axis was
attributed to soft epitaxy. A two-step formation mechanism
of the 2D NHSK was proposed and testified by carefully
designed HRTEM experiments. CNT side-wall structures and
surface chemistry are determining factors for this hybrid
structure formation. The reported method possesses the
following advantages in forming patterned CNTs: (1) the
patterning is on individual CNTs and it is relatively periodic;
(2) the PVD process does not involve any solvent and is
conducted at room temperature. It can therefore be considered

as a green and facile functionalization method; (3) the
resulting 2D NHSK could be adapted to create CNT-based
nanodevices. Further researches on using different polymers
as well as other 1D nanotubes/nanowires are underway.
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