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A technique of micro chemical vapor deposition (LCVD) is reported for the direct synthesis
of self-aligned SWCNTSs on various substrates including plastics and paper. With the guid-
ance of micro flow channels, self-aligned SWCNTs up to hundreds of microns in length
have been collected. Both Raman spectral and transmission electron microscopy have val-

idated the high quality of these SWCNTSs. In conclusion, pCVD could be a versatile method
to synthesize pristine SWCNTs for various applications.

Published by Elsevier Ltd.

1. Introduction

The integration of nanomaterials with flexible substrates has
drawn great interests targeting low-cost and lightweight appli-
cations [1-5]. Amongvarious nanomaterials, single-walled car-
bon nanotubes (SWCNTs) have a unique set of specific
properties including high electronic mobility [6], high electrical
current carrying capability [7,8], and ballistic electron trans-
port phenomenon at room temperature [9,10]. These break-
through demonstrations of SWCNTSs, however, have all been
based on the direct growth of SWCNTSs in high temperature
chambers without post-assembly processes to avoid possible
degradations during the transfer processes [11-19]. Specifi-
cally, two types of transfer processes have been commonly em-
ployed for one-dimensional nanostructures. The solution-cast
approach starts with the dispersion of SWCNTs with liquid to
form a nanotube ink, which islater deposited onto a target sub-
strate and dried [14-18]. Nanotubes deposited by this method
usually exhibit degraded electrical performance due to random
alignment [15,18], ultrasonic agitation [20], and/or electrical
property modifications from the SWCNT-solvent interactions
[21,22]. The second approach starts with the synthesis of
well-aligned SWCNTs with the aid of electrical field [23], gas
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flow [24,25], or crystal lattice orientation on the growth sub-
strate [26]. Afterwards, a transfer layer (usually polymer) is
deposited and SWCNTs are attached to the transfer layer and
relocated to a target substrate [27,28]. The transfer layer is later
dissolved or etched away, leaving aligned SWCNTSs on the tar-
get substrate. This approach preserves the originally well-
aligned patterns but various chemicals used in the process
could affect the electrical properties of SWCNTSs due to chem-
ical doping and surface adsorption [21]. Here we describe a dif-
ferent approach without the transfer process to allow as-grown
SWCNTs to be directly placed onto arbitrary substrates with
self-aligned patterns such as glass, ceramics and tempera-
ture-sensitive substrates including plastics and papers.

2. Experimental
2.1. Concept and setup

Fig. 1 illustrates the basic principle and the setup of the syn-
thesis process. Briefly, micro chemical vapor deposition
(LCVD) system which is part of the suspended cantilever
microstructure [29], is built by means of silicon micromachin-
ing processes. Adequate heat transfer design limits the high
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Fig. 1 - Schematic diagram illustrating the direct synthesis of self-aligned SWCNTSs onto an arbitrary substrate. Nanotubes
are synthesized from the pCVD channels at high temperature. The high-temperature region is localized at the suspended
cantilever to allow a temperature sensitive substrate to be placed nearby. The gap between the cap and the substrate creates a
micro gas flow channel which ensures laminar flow condition. This laminar gas flow guides the growth of nanotubes so that
they stay straight and well-aligned. The nanotubes are deposited onto the substrate after the gas flow is turned off.

temperature region to be localized on the cantilever. As such,
temperature sensitive target substrate can be placed close to
the cantilever without experiencing high temperature dam-
ages from the synthesis process. The gap between the top
“cap” and bottom pCVD chip forms a narrow gas channel
which guides the growth direction of SWCNTs over the near-
by target substrate. The narrow gas channel also reduces
Reynolds number and avoids turbulent flow, which is desir-
able in this case to effectively guide and align the synthesized
SWCNTs. This steady laminar flow also ensures that the float-
ing nanotubes do not get contact with the substrates during
the growth. The gas flow is initiated by applying a pressure
difference between the bottom of the uCVD chip and the out-
side environment. The magnitude of this pressure difference
determines the overall flow velocity; while the configuration
of the flow channels determines the flow pattern. A detailed
simulation is done to support this flow pattern and can be
found in the Supplementary material. At the end of the
growth process, the heating power and the gas are turned
off to allow the SWCNTs to be deposited onto the target
substrate.

2.2.  Design of the microheater

The high temperature region for the synthesis process is near
the tip of the U-shaped micro cantilever as illustrated in
Fig. 2a. The heating power is generated by joule heating when
an electrical current is applied. The highest temperature is at
the tip of cantilever since majority of heat will dissipate via
heat conduction through the two anchors to the silicon sub-
strate. In the prototype design, four pCVD units have been
constructed on a chip of 6 x5 mm? in size as shown in the
optical image in Fig. 2b. When the electrical power is applied

to the second pCVD unit from the left, the micro-heater is ob-
served to glow visibly at high temperature. The corresponding
infrared image in Fig. 2c (FLIR® A320 Camera, the emissivity of
the nCVD chip surface is calibrated to be 0.75. See Supplemen-
tary data) validates that the high temperature region is local-
ized at the micro-heater. Materials that cannot sustain high
temperature can therefore be placed close to the micro-heater
unit without thermal damages or degradations during the
synthesis process. For example, a 50-um-thick sticky tape
(Kapton®, 2 mil) as seen at the bottom of Fig. 2b has been used
as the spacer to adjust the height of the gas flow channel be-
tween the top cap and the pCVD unit and no visible damages
have been identified after the growth process.

The cantilever design causes non-uniform temperature
distribution along its length which could potentially affect
the quality of the nanotubes [30]. To overcome this poten-
tial problem, microchannels of 5 um in diameter have been
constructed vertically throughout the suspended 50-pm-
thick cantilever platform. When the reactive gases are
forced to flow through these microchannels from bottom
to top as illustrated in Fig. 2d, they can be modeled as min-
iaturized CVD furnaces. The temperature calculations based
on real experimental dimensions are illustrated in Fig. 2e.
The detailed process of modeling and calculation is pre-
sented in the Supplementary data. It is noted that the cold
gas is quickly warmed up and its temperature becomes sta-
ble within approximately the first 5 ym into the microchan-
nel, much shorter than the total length of the microchannel
of 50 um. Therefore, a uniform temperature profile is ex-
pected in the latter part of the microchannel which emu-
lates that of a large scale CVD system to provide well-
controlled growth environment for SWCNTs. The time dur-
ing which the source gases stay at high temperature is also
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Fig. 2 - Temperature analysis of the pCVD system. (a) A pCVD unit is heated by joule heating when electrical current is
applied. (b) An optical photo showing a pCVD unit is selectively heated with glowing color indicating high temperature areas.
(c) Infrared image of the same structure in (b) indicating all regions but that of the heated pCVD unit are at low temperature. (d)
The gas flow through one microchannel in a pCVD unit. The temperature distribution of the gas is illustrated in (e). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

significantly shortened by the miniaturization of pCVD. This
could be a problem for many CVD processes as the source
gases do not have sufficient time to decompose. However
this does not prominently affect the growth of SWCNTs be-
cause of the following reasons. The generally established
growth mechanism for SWCNTs is the vapor-liquid-solid
(VLS) process [31-34], in which carbon from the decom-
posed hydrocarbon gas is absorbed by the liquid-phase
nanoparticle catalysts at high temperature and SWCNTs
are grown as the results of the super-saturation of carbon.
The gas decomposition here relies on the reaction between
the catalyst and the feeding gas. So having a very short
heating time is not a problem as long as the temperature
is sufficiently high so that the gas molecules can have en-
ough energy to react with the catalyst and decompose. It
is noted that the formation of amorphous carbon, on the
other hand, does not require catalysts and is a direct va-
por-solid (VS) process. The formation of amorphous carbon
is generally believed to poison the catalyst and terminate
the nanotube growth [35,36]. Therefore, shortening high-
temperature time by uCVD is beneficial for SWCNT growth
in terms of reducing the formation of amorphous carbon
[29].

2.3.  uCVD structure fabrication

In the prototype structure, the suspended cantilever is made
of heavily-boron-doped (resistivity 0.005 Q cm), single crystal-
line silicon. The structure is patterned (Photolithography),
etched (DRIE, Deep reactive-ion etching) and released (Buf-
fered hydrogen fluoride solution) from a SOI (Silicon-on-Insu-
lator) wafer. It has a total length of 1750 pm, width of 300 um
and thickness of 50 pym with two anchors attached to the han-
dling silicon layer of the SOI wafer. Backside gas openings on
uCVD chip are also made by DRIE through the 550-um-thick
handling layer. A 0.5-pm-thick thermal oxide layer is grown
as the barrier layer to prevent the iron nanoparticles (catalyst
in SWCNT growth) from diffusing into the silicon. A photoli-
thography is performed and the oxide on the contact pads
is etched away to allow electrical contact.

2.4.  Catalyst preparation for SWCNT growth

Iron nanoparticles are deposited onto the walls of the micro-
channels by first dipping the whole pCVD chip into 10 mL
0.01 mM iron chloride solution. A hundred microliter 40 mM
hydroxylamine hydrochloride solution is added and stirred
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to help the precipitation of nanoparticles. The uCVD chip is
taken out of the mixture after 20s, rinsed and dried [37].
The chip is then heated to 800 °C for 5 min in oxygen environ-
ment in a conventional furnace. The chip is then fixed onto a
chip holder, from which electrical contacts are made to the
pCVD chip via wire bonding.

2.5.  Growth of SWCNTs

Ethylene and hydrogen carrier gas are provided into the syn-
thesis chamber at a volume ratio of 3:20 from the bottom.
The actual mean flow velocity inside the microchannels is esti-
mated tobe 0.1 m/s by monitoring the pressure drop across the
microchannels (see Supplementary data). The micro cantilever
platform is heated to approximately 800 °C (the temperature
distribution is estimated by a simplified electrical-thermal
model [38,39]) at its center location for the synthesis of
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SWCNTs under an electrical current of 180 mA and voltage of
17 V. A small aluminum heat sink is placed near the pCVD chip
to provide adequate cooling. The total growth time is 10 min. It
is found that the annealing of the catalystis not necessary prior
to the growth process [40].

3. Results and discussion
3.1. Characterization

As-synthesized SWCNTs have been characterized by scanning
electron microscope (SEM), Raman spectroscopy, atomic force
microscope (AFM), and transmission electron microscope
(TEM), respectively. The SEM image in Fig. 3a shows that
SWCNTs grown from the left-hand-side pCVD unit are self-
aligned onto the right-hand-side silicon structure. Good align-
ment has been achieved as compared to the one without using
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Fig. 3 - Different characterizations of the synthesized SWCNTSs by pCVD. (a) SEM image showing that the nanotubes grown
from the left-hand side are deposited and self-aligned on the target substrate at the right-hand side. As a comparison, the
inset showed poorly aligned nanotubes without the top cap to regulate the gas flow. (b) The Raman spectral of the as-grown
SWCNTSs by pCVD. (c) AFM image showing four nanotubes are well-aligned on the substrate without local waviness. (d)
Histogram showing the diameter distribution of the SWCNTs from 100 samples from AFM measurements. (e) TEM image of
an as-grown SWCNT. The inset showed its diffraction pattern from which the chirality of the SWCNT is determined as (19, 6).
(f) The histogram of the diameters of 50 nanotubes synthesized by pCVD from TEM measurements.
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the top cap as illustrated in the inset of Fig. 3a. This validates
the effectiveness of flow control for the alignment of SWCNTs
(Supplementary data Fig. S2). The SWCNTs are free of local
waviness [25] and two factors could contribute to these
advancements. First, laminar flow without local turbulence
is achieved as the characteristic dimension of the flow is only
tens of micrometers and the Reynolds number is about 15
(Supplementary data). Similar phenomena have been reported
in macro-scale CVD SWCNT synthesis by reducing reaction
tube diameter and gas flow rate [24]. Second, the temperature
away from the heated microchannels drops quickly to room
temperature such that the possible thermal vibration [41,42]
of nanotubes is minimized. The length of the SWCNTs can
be controlled by the growth time. A 30-min growth produces
SWCNTs with length up to ~1 mm, while a 25 s growth results
in maximum length of ~20 pm. Itis noted that growth time be-
yond 30 min does not give longer SWCNTs.

The Raman spectra characterization of the as-synthesized
SWCNTs have been obtained using 633 nm laser at room tem-
perature by a Renishaw® RM1000 spectrometer. Two represen-
tative Raman spectra measured at two different positions of a
sample are shown in Fig. 3b with clear G mode peaks at
~1580 cm ! and no noticeable D mode at ~1350 cm ™2, indicat-
ing SWCNTs with very little defects if any. The radial breathing
mode (RBM) of the two spectra at 138 cm™* and 169 cm ™! im-
plies the diameters of the nanotubes as 1.78 nm and 1.43 nm,
respectively (rsy = 223.5 cm ™' nm/d + 12.5 cm ™" [43]). A typi-
cal AFM image with higher spatial resolution than SEM in
Fig. 3c illustrates that the nanotubes remain straight and
aligned. About 100 nanotubes grown by the pCVD process have
been measured by AFM and the diameter histogram is shown
in Fig. 3d with a mean value of 2.32 nm and standard deviation
of 0.93 nm.

TEM characterizations of the synthesized SWCNTs have
been obtained in a JEOL 2100 TEM operated with beam en-
ergy of 80kV at room temperature as illustrated in Fig. 3d.
Here the as-grown nanotube is suspended above the gap re-
gion of the uCVD chip (the dark strip in Fig. 3a) to allow di-
rect TEM characterization. It appears to be very clean and
the electron diffraction pattern shown as the inset helps to
validate the structure as a single-walled nanotube. The
nanotube in the picture is (19, 6) and its diameter is calcu-
lated to be 1.77 nm. A total of 50 SWCNTs with different dif-
fraction patterns have been measured and the histogram of
the corresponding diameter is shown in Fig. 3e. The peak
probability for the diameter of the SWCNTs is at around
2nm with mean value at 2.35nm and standard deviation
of 0.87 nm. These numbers are very close to the AFM charac-
terizations. A total of two double-walled carbon nanotubes
are found during the measurement of 56 samples. Six nano-
tube bundles are also found in these samples. Due to the dif-
ficulties in interpreting the electron diffraction pattern, they
are not counted in the histogram. It is noted that the occur-
rence of nanotube bundles are closely related to the density
of nanotubes. The data presented here corresponds to nano-
tube density of approximately 0.2/pm on the collecting sub-
strate. In summary, the results suggest that most of the
synthesized carbon nanotubes are single-walled, with little
defects, and covered by little or no amorphous carbon in
their pristine state.

3.2.  Direct growth of SWCNTs on temperature sensitive
substrates

The localized heating of the nCVD provides the possibility to
place high quality SWCNTSs directly onto arbitrary substrates.

Fig. 4 - Direct growth of SWCNTSs on paper and plastic substrates. (a) Optical image showing a piece of regular copy paper with
letters “cal” printed by a laser printer is placed at the right side of a pCVD unit. (b) SEM picture of the same region revealing
the existence of SWCNTSs around the letter “I” region after synthesis. (c) SEM picture with higher magnification showing as-
grown SWCNTs by pCVD deposited onto the copy paper. (d) The alignment of the SWCNTs is maintained under the influences
of the surface roughness of the copy paper. (¢) SWCNTs are directly deposited on a plastic tape by pCVD. The inset shows a
closer SEM photo revealing that the nanotubes tend to form bundles but they do not entangle with each other on the plastic

substrate.
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The optical microscopic image in Fig. 4a illustrates that a
piece of copy paper printed with letters “cal” from a laser
printer is placed right next to the pCVD chip by applying a
small amount of grease (Apiezon®, type H). The image is ac-
quired after the synthesis of SWCNTs, where the piece of
copy paper stays visibly intact. Fig. 4b shows the SEM image
of the same area after the synthesis process, where the
printed letters are still distinguishable. The close-up view
around the letter “I” area is magnified in Fig. 4c as SWCNTs
on paper are difficult to image by SEM due to electron charge
effects [44]. The heating platform close to this area in the
photo has the appropriate temperature for the synthesis of
SWCNTs. It is observed that SWCNTs maintain good self-
aligned patterns with possible obstruction from the surface
roughness of the copy paper. A close-up view image is shown
in Fig. 4d where two nanotubes can be identified extending
from the pCVD platform from the left to the right-hand side
copy paper. The two nanotubes stay close to each other with
a small gap distance of less than 1 pm. The alignment is con-
tinuous without entanglement even if the shapes of the
nanotubes are distorted slightly by the surface roughness of
the paper. This is important because entanglement of
SWCNTs will alter and degrade their electrical properties
[12,13,43]. Direct growth of SWCNTs on plastic substrate
(Kapton®, 2 mil tape) has also been demonstrated as illus-
trated in Fig. 4e. It is observed that SWCNTs tend to deposit
in the bundle format without entangling with each other as
illustrated in the inset of Fig. 4e. Well-aligned nanotubes
can also be found on the top glass cap (which is also a low-
temperature substrate, see Supplementary data) or cap made
from sapphire, fused quartz, or single-crystalline quartz. All
these results support the feasibility of our synthesis process.
More work is underway to fabricate devices from these
SWCNTs. For example, transistors can be built with this tech-
nology by simply replacing the top glass cap by an insulating
substrate coated consecutively with a conductive gate elec-
trode layer and an insulating gate dielectric layer; after the di-
rect growth of SWCNTs onto the substrate, the transistors
can be fabricated by depositing and patterning the source
and drain electrodes.

4, Conclusion

In conclusion, self-aligned SWCNTs up to hundreds of mi-
crons in length have been directly grown onto various sub-
strates including paper and plastic. The process does not
involve the conventional transfer and assembly process
which usually alters the properties of SWCNTs. The nano-
tubes are of high quality in their pristine state, and are there-
fore suitable for high-performance electronic applications on
non-silicon, flexible, low-cost substrates.
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