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Self-Oriented Regular Arrays of
Carbon Nanotubes and Their

Field Emission Properties

Shoushan Fan, Michael G. Chapline, Nathan R. Franklin,
Thomas W. Tombler, Alan M. Cassell, Hongjie Dai*

The synthesis of massive arrays of monodispersed carbon nanotubes that are
self-oriented on patterned porous silicon and plain silicon substrates is reported.
The approach involves chemical vapor deposition, catalytic particle size control
by substrate design, nanotube positioning by patterning, and nanotube self-
assembly for orientation. The mechanisms of nanotube growth and self-ori-
entation are elucidated. The well-ordered nanotubes can be used as electron
field emission arrays. Scaling up of the synthesis process should be entirely
compatible with the existing semiconductor processes, and should allow the
development of nanotube devices integrated into silicon technology.

Growing organized carbon nanotubes on
large-scale surfaces is important for obtaining
scaled-up functional devices for use as scan-
ning probes and sensors (/-5), as field emit-
ters (6—11), and in nanoelectronics (/2). In
this context, it is desirable to be able to grow
high-quality nanotubes in a controlled fash-
ion so that little or no post-growth manipula-
tion or assembly is needed to build useful
structures. Aligned nanotubes were obtained
previously by using chemical vapor deposi-
tion (CVD) over catalysts embedded in me-
soporous silica (13, 14), and over laser-pat-
terned catalysts (15, 16). Recently, Ren ez al.
used plasma-enhanced CVD and synthesized
self-aligned nanotubes on glass substrates,
although the growth and alignment mecha-
nism remained unclear (/7).

This work develops the synthesis and un-
derstanding of well-aligned nanotubes with
uniform diameters on silicon substrates. In
particular, we find that porous silicon, a light-
emitting material (I8, /9), is an ideal sub-
strate for growing organized nanotubes (Fig.
1). Porous silicon samples were obtained by
electrochemical etching of P-doped n™-type
Si(100) wafers (diameter 2 inches, resistivity
0.008 to 0.018 ohm-cm). Etching was carried
out in a Teflon cell using a Pt cathode for 5
min under backside illumination with a halo-
gen lamp. The etching solution contained one
part hydrogen fluoride (50% aqueous solu-
tion) and one part ethanol, and the anodiza-
tion current density was kept constant at 10
mA/cm?. The resulting porous silicon has a
thin nanoporous layer (with pore diameters of
~3 nm) on top of a macroporous layer (with
submicrometer pores) (20, 21). Plain silicon
substrates were purchased and used as is,
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without cleaning or removing the native ox-
ide layer. All substrates were patterned with
Fe films (5 nm thick) by electron beam evap-
oration through shadow masks, containing
squared openings with side lengths of 10 to
250 wm at pitch distances of 50 to 200 pm.
The substrates were then annealed in air at
300°C overnight. This annealing step oxidiz-
es the surface of the silicon and the iron. In
the case of porous silicon, the resulting thin
oxide layer protects its porous structure from
collapsing later in the high-temperature CVD
process (20). The substrate was placed in a
cylindrical quartz boat sealed at one end and
then inserted into the center of a 2-inch quartz
tube reactor housed in a tube furnace. The
furnace was heated to 700°C in flowing Ar.
Ethylene was then flown at 1000 sccm for 15
to 60 min, after which the furnace was cooled
to room temperature.

Using a scanning electron microscope
(SEM), we observed that three-dimensional
regular arrays of nanotube blocks or towers
were formed on top of the patterned iron
squares on the substrates (Fig. 2, A to F).
Each nanotube block exhibits very sharp edg-
es and corners in low-magnification SEM
images, and no nanotubes are observed
branching away from the blocks (Fig. 2, A to
E). The width of the blocks is the same as that
of the iron patterns. For CVD reaction times
of 5 to 60 min, the height of the blocks is in
the range of 30 to 240 pm. High-resolution
SEM images (Fig. 2F) show that the nano-
tubes within each block are well aligned
along the direction perpendicular to the sur-
face. As the aspect ratio of the blocks ap-
proaches ~5, we observe that some blocks
become tilted but do not fall down onto the
surface.

Transmission electron microscopy (TEM)
was used to further characterize the synthe-
sized nanotubes. We used tweezers to pick up
several 250 wm by 250 wm nanotube blocks,

ultrasonicated them in 1,2-dichloroethane for
15 min, and then placed a few drops of the
suspension onto a TEM grid. TEM investiga-
tion showed that the material consisted of
multiwalled nanotubes (Fig. 2G). The ultra-
sonicated material still exhibited many
aligned multiwalled bundles and some sepa-
rated individual nanotubes (Fig. 2G). This
clearly indicates that the nanotubes within
each block are densely packed and held to-
gether by van der Waals interactions. Mea-
surements on more than 100 nanotubes
showed that ~90% of our multiwalled nano-
tubes have diameters of 16 * 2 nm. Relative
to previous CVD-grown aligned nanotubes,
our nanotubes are straighter, have smaller
diameters, and have a narrower diameter dis-
tribution (/3-/7). High-resolution TEM im-
ages show that our nanotubes contain a low
defect density in some sections of their
lengths.

Previously, aligned nanotubes were ob-
tained as a result of confining CVD nanotube
growth in the pores of mesoporous silica or
channels of alumina membranes (13, 14, 22,
23) or by means of gravitational effects (75,
16). In our growth process, nanotubes self-
assemble into aligned structures similar to the
recent result of Ren ef al. (I7). We have
elucidated the growth and alignment mecha-
nism in the current work. First, we were able
to confirm that the base-growth mode (24—
27) dominates in our system. That is, catalyst
particles interact strongly with the substrate
and remain pinned during growth. Our evi-
dence is that after physically removing nano-
tube blocks on several samples and heating
the substrates in air to 700°C, the resulted
substrates were still catalytically active for
growing oriented nanotube arrays. This result
leads to the self-oriented nanotube growth
mechanism (Fig. 3). During the initial stage
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Fig. 1. Schematic process flow for the synthesis
of regular arrays of oriented nanotubes on po-
rous silicon by catalyst patterning and CVD.
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of CVD, ethylene molecules are catalytically
decomposed on the iron oxide nanoparticles.
As supersaturation occurs, a nanotube grows
off each of the densely packed catalyst parti-
cles (average diameter 16 nm) and extends to
open space along the direction normal to the
substrate. As the nanotubes lengthen, their
outermost walls interact with those of neigh-
boring nanotubes via van der Waals forces to
form a large bundle with sufficient rigidity.
This rigidity enables nanotubes to keep grow-
ing along the original direction. Even the
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outermost nanotubes are held by the inner
nanotubes without branching away.

Porous silicon substrates exhibit impor-
tant advantages over silicon substrates for
synthesizing self-oriented nanotubes. Growth
on substrates that contained both porous sil-
icon and plain silicon portions showed that
the nanotubes grow at a higher rate (length
per minute) on porous silicon than on silicon
(28). This can be attributed to ethylene mol-
ecules permeating the porous silicon struc-
tures (surface area ~300 m?/g) (20), which
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Fig. 2. Electron micrographs of self-oriented nanotubes synthesized on n*-type porous silicon
substrates. (A) SEM image of nanotube blocks synthesized on 250 um by 250 um catalyst patterns.
The nanotubes are 80 m long and oriented perpendicular to the substrate [see (F)]. (B) SEM image
of nanotube towers synthesized on 38 um by 38 um catalyst patterns. The nanotubes are 130 um
long. (C) Side view of the nanotube towers in (B). The nanotubes self-assemble such that the edges
of the towers are perfectly perpendicular to the substrate. (D) Nanotube “twin towers,” a zoom-in
view of Fig. 2C. (E) SEM image showing sharp edges and corners at the top of a nanotube tower.
(F) SEM image showing that nanotubes in a block are well aligned to the direction perpendicular
to the substrate surface. (G) TEM image of pure multiwalled nanotubes in several nanotube blocks
grown on a n*-type porous silicon substrate. Even after ultrasonication for 15 min in 1,2-
dichloroethane, the aligned and bundled configuration of the nanotubes is still evident. The inset
is a high-resolution TEM image that shows two nanotubes bundling together. The well-ordered
graphitic lattice fringes of both nanotubes are resolved.
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Fig. 3. Nanotube growth and self-orientation
on porous silicon substrate. On the substrate,
the iron oxide nanoparticles remain pinned
down during CVD growth, and thus base
growth operates. The ethylene gas molecules
feed the growing nanotubes at the edge of the
catalyst square by diffusing through the nano-
tubes and through the porous silicon layer. On
a plain silicon substrate, the ethylene molecules
can only feed the edge of the catalyst square
and diffuse through the nanotubes, which re-
sults in a growth rate lower than would be
observed on a porous silicon substrate (28). The
nanotubes within each block interact via van
der Waals forces, which provide the overall
rigidity for oriented growth. Some openings
exist between bundled nanotubes, allowing gas
to diffuse.

feed the nanotube growth more efficiently
(Fig. 3). Also, the nanoporous silicon layer
acts as an excellent catalyst support. During
the 300°C annealing step, iron oxide nano-
particles form with a narrow size distribution
because of their strong interactions with the
highly porous support. These strong interac-
tions also prevent catalyst particles from sin-
tering at elevated temperatures.

The length of our nanotubes can be con-
trolled by tuning the CVD reaction time. On
n*-type porous silicon substrates with 38 pm
by 38 wm patterned catalyst, for reaction
times of 5, 15, 30, and 60 min, we grew
nanotubes with lengths of ~35, 100, 160, and
240 pm, respectively (29).

Carbon nanotubes have been identified as
promising candidates for field emitters in ap-
plications such as flat panel displays (6—11).
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Fig. 4. Self-oriented nanotube arrays as elec-
tron field emitter arrays. (A) Experimental set-
up. The cathode consists of a n*-type porous
silicon substrate with four 250 wm by 250 pm
nanotube blocks. The height of the blocks is
130 pm. An aluminum-coated silicon substrate
serves as the anode and is kept 200 pm away
from the sample by a mica spacer containing a
hole in the center. (B) Current density (j) ver-
sus voltage (V) characteristics of the sample.
The data were taken in a vacuum chamber at
3 X 1077 torr and were highly reproducible
over repeated voltage scans. Fitting j-V accord-
ing to the Fowler-Nordheim equation showed
two linear regimes joined together, forming a
knee, similar to the observation by Collins and
Zettl (7). The inset shows the emission current
stability over a test period of 20 hours at a
current density of ~0.5 mA/cm?. The emission
current fluctuates but does not exhibit degra-
dation. After continuous stability test for >100
hours, SEM images show no obvious damage to
the nanotube blocks. With ~15 samples, we
find that to reach current densities of 1 mA/
cm? and 10 mA/cm?, the electric fields (calcu-
lated by using the distance from the anode to
the top of nanotube blocks) required are 2.7 to
3.3 and 4.8 to 6.1 V/pm (the corresponding
electric fields are ~3 and ~5 V/um with arc-
discharge samples) (6-77), respectively. The
emission current is found to scale linearly with
the number of nanotube blocks on the samples.
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However, it remains unclear how to scale up
these novel devices because of the lack of
strategies in scaling up nanotube growth and
large-scale nanotube assembly and patterning
(1, 30). Using the synthesized self-oriented
nanotube arrays without further sample pro-
cessing, we have studied their properties as
electron field emission arrays. About 15 sam-
ples have been tested, and they all exhibit low
operating voltages and high current stability
(Fig. 4). Their performances are comparable
to the best field emission samples previously
constructed by processing arc-discharge mul-
tiwalled or single-walled nanotubes (6, §—11).
Notably, our approach to these useful devices
is via direct chemical synthesis of massive
arrays of oriented nanotubes on macroscopic
substrates.

We have synthesized regular arrays of
oriented nanotubes with high uniformity on
substrates with typical size ~2 cm by 2 cm.
Growth on large wafers is currently limited
by the size of the CVD chamber. Our syn-
thetic approach involves porous silicon or
plain silicon substrates, metal evaporation
and annealing for catalyst formation, and
CVD, all of which are well within the capa-
bilities of the current silicon technology for
fully automated synthesis and production of
practical nanotube devices.
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Pulmonary Function and
Metabolic Physiology of
Theropod Dinosaurs

John A. Ruben,* Cristiano Dal Sasso,} Nicholas R. Geist,T
Willem J. Hillenius,t Terry D. Jones, Marco Signoref

Ultraviolet light analysis of a fossil of the theropod dinosaur Scipionyx sam-
niticus revealed that the liver subdivided the visceral cavity into distinct anterior
pleuropericardial and posterior abdominal regions. In addition, Scipionyx ap-
parently had diaphragmatic musculature and a dorsally attached posterior
colon. These features provide evidence that diaphragm-assisted lung ventilation
was present in theropods and that these dinosaurs may have used a pattern of
exercise physiology unlike that in any group of living tetrapods.

Lung structure and ventilation in theropod
dinosaurs is assumed to have resembled the
specialized flow-through, air sac pulmo-
nary system of extant birds, the closest
living relatives of the theropods (/). How-
ever, some fossil soft tissue evidence, as
well as osteological similarities between
crocodilians and theropods, suggests that
these dinosaurs may have had relatively
unmodified septate lungs that were venti-
lated with the assistance of an active, he-
patic piston—-diaphragm mechanism (2).
Those conclusions are based, in part, on the
distinct, vertically oriented, thoracic-ab-
dominal separation of the visceral cavity in
the theropod Sinosauropteryx (Coelurosau-
ria: Compsognathidae) (Fig. 1, bottom).
Additionally, the leading edge of the ab-
dominal cavity in this dinosaur appears to
have been defined by a remarkably croc-
odilian-like, anterior surface of the liver.
These attributes, as well as the ubiquitous
occurrence among theropods of a triradiate
pelvis similar to that of crocodilians, well-
developed gastralia, and specialized rib
morphology (3), suggest that these dino-
saurs had a crocodilian-like septate lung
that was ventilated, in part, with a hepatic
piston diaphragm. Such a diaphragm was
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likely to have been powered by diaphrag-
matic muscles that extended between the
pubes, gastralia, and liver (2).

A recently described new theropod from
Italy, Scipionyx samniticus (Coelurosauria:
Maniraptoriformes), contains nearly com-
plete preservation of the articulated skele-
ton (4). The specimen also has remnants of
a variety of soft tissues, including portions
of the intestines, liver, trachea, and skeletal
muscles (Fig. 1, top). Here we describe
these soft tissues and discuss their implica-
tions for pulmonary structure and function
in Scipionyx. We also discuss their signif-
icance for earlier conclusions about thero-
pod lung morphology and function.

Portions of the large intestine and trachea
of Scipionyx are visible and appear to have
been preserved in situ (Fig. 1) (4, 5). Notably,
the posterior colon, or colorectal intestine, is
situated far dorsally, at about the same level
as the vertebrae in the lumbar-sacral region.
This condition is comparable to the position
of the colon in living taxa such as crocodil-
ians and mammals (Fig. 2A) (6). In contrast,
the colon (or rectum) of birds is invariably
suspended by the dorsal mesentery (mesoco-
lon) so that it is situated in the mid-abdominal
cavity, some distance from the roof of the
cavity (Fig. 2B) (7). This mid-abdominal sus-
pension of avian large (and small) intestines
provides a distinct segregation of the colon
from the dorsally and medially attached ab-
dominal air sacs (which extend caudally from
the dorsally attached parabronchi). Therefore,
it is unlikely that avian-style, abdominal air
sacs were present in Scipionyx. Abdominal
air sacs are of fundamental importance to the
function of both neo- and paleopulmo por-
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