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Abstract

We discuss growth of high-quality carbon nanotube (CNT) films on bare and microstructured silicon substrates by atmospheric
pressure thermal chemical vapor deposition (CVD), from a Mo/Fe/Al,O5 catalyst film deposited by entirely electron beam evapo-
ration. High-density films having a tangled morphology and a Raman G/D ratio of at least 20 are grown over a temperature range
of 750-900 °C. H, is necessary for CNT growth from this catalyst in a CH,4 environment, and at 875 °C the highest yield is obtained
from a mixture of 10%/90% H,/CH,4. We demonstrate for the first time that physical deposition of the catalyst film enables growth
of uniform and conformal CNT films on a variety of silicon microstructures, including vertical sidewalls fabricated by reactive ion
etching and angled surfaces fabricated by anisotropic wet etching. Our results confirm that adding Mo to Fe promotes high-yield
SWNT growth in H,/CHy; however, Mo/Fe/Al,O5 gives poor-quality multi-walled CNTs (MWNTs) in H,/C,H,4. An exceptional
yield of vertically-aligned MWNTs grows from only Fe/Al,O3 in H,/C>Hy. These results emphasize the synergy between the catalyst
and gas activity in determining the morphology, yield, and quality of CNTs grown by CVD, and enable direct growth of CNT films

in micromachined systems for a variety of applications.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

While many prospective applications require control
of the position and orientation of individual or groups
of CNTs, there are also many applications for films of
tangled CNTs as functional device elements such as
thin-film transistors [1], chemical sensors [2], flow sen-
sors [3], and electrical contacts [4]. These films may be
grown directly on substrates and subsequently processed
by lift-off patterning, functionalization, contact metal
deposition, CVD deposition of structural layers, and
other methods; alternatively the CNTs may be grown
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in bulk and selectively deposited onto devices by wet
chemical methods [5,6].

Synergy between the catalyst, carbon source, and
growth conditions such as temperature and flow rate is
vital for obtaining a high-yield of high-quality CNTs
by chemical vapor deposition (CVD). The performance
of a catalyst in nucleating and continuing the growth of
CNTs depends on several factors in addition to its ele-
mental composition, including the size and surface prop-
erties of the catalyst particles and the interactions
between the catalyst and the support. The supporting
layer can significantly promote or hinder CNT growth
by the nature of its physical, chemical, and electronic
interactions with the catalyst [7,8]. Especially effective
material combinations for CNT growth include Al,O5-
supported Mo/Fe with CH4 [9], Ni or Co with C,H,
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[10], and SiO,-supported Mo/Co with CO [11] or alco-
hol [12].

The performance of a catalyst is also coupled to the
deposition process, which can roughly be categorized
as a physical method such as magnetron sputtering or
e-beam evaporation, or a chemical method for preparing
metal clusters in solution and subsequently depositing
the clusters on a substrate. For sputtering deposition,
Shin et al. demonstrated that the temperature and back-
ground pressure of the sputtering process, which affects
the grain size and density of Ni thin films, is directly re-
lated to the length and diameter of vertically-aligned
CNTs grown by thermal CVD of C,H, [13]. In compari-
son, chemical methods [14,15,9] enable direct control of
particle composition and particle size, which can give di-
rect control of CNT diameters [16]. However, deposition
methods for these solutions, including spin-coating
[9,17], dip-coating [18], and contact printing [19,20],
are less favorable than physical methods for uniformity
over large areas, and for coating of microstructures. For
example, with contact printing it is difficult to coat obli-
que features; with dip-coating the solution tends to col-
lect and dry in recessed areas; and with spin-coating,
surface tension effects oppose uniform coating of topo-
graphy and non-uniformity is especially prevalent as
solutions wick away from edges and corners of features.
It is also straightforward to pattern physically-deposited
metal films to micron-scale dimensions using liftoff of
standard image-reversal photoresist in acetone, and
therefore dictate uniform area-selective growth of CNTs
on large substrates.

We present a parametric study of CNT growth
from a Mo/Fe/Al,O; catalyst deposited by e-beam
evaporation, and demonstrate uniform and conformal
growth of CNT films by atmospheric-pressure thermal
CVD on a variety of microstructures. Presence of H,
in addition to CHy4 is necessary for CNT growth, and
dense films of high-quality SWNTs are grown over a
wide range of conditions from a H,/CH, mixture. Our
experiments confirm that Mo promotes SWNT growth
from CH,, and indicate that Mo hinders MWNT
growth from C,H, while a Fe/AlL,Os; film in C,Hy
gives an exceptional yield of vertically-aligned MWNTs.
This repeatable and versatile process for enhancing
micromachined surfaces with uniform CNT films enable
the robust integration of CNTs in micromachined
devices.

2. Materials and methods
2.1. Catalyst film
A catalyst film of 20 nm Al,O3, 1.5 nm Fe, and 3 nm

Mo is deposited by e-beam evaporation in a single
pump-down cycle using a Temescal VES-2550, with a

FDC-8000 Film Deposition Controller. The substrates
are plain (100) 6” silicon wafers (p-type, 1-10 Q cm, Sili-
con Quest International), which have been cleaned using
a standard “pirahna” (3:1 H,SO4:H,0,) solution. After
catalyst deposition, no further cleaning or dedicated oxi-
dation is necessary prior to nanotube growth. The Al,O;
is deposited by direct evaporation from a crucible of
high-purity crystals, rather than by evaporation of Al
with a slight background pressure of O, [21,22], or by
other methods such as spin-coating of a sol-gel precur-
sor [23]. While CNT growth from catalyst metals depos-
ited on an Al layer has been reported [24,25], Al must be
oxidized to prevent damage to the catalyst by formation
of an Al-Si eutectic at 577 °C [26].

CNT growth from Mo/Fe catalysts is well-known,
and addition of a small amount of Mo (as low as 20%
[24]) to Fe significantly enhances catalytic activity for
CNT growth. Furthermore, while Fe is a sufficient
monometallic catalyst under a wide range of conditions,
CNT growth from pure Mo (supported on Al,Oj3 parti-
cles) has been reported only in CO at 1200 °C [27]. Deng
et al. suggested from simulations that certain bi-metallic
catalysts give a higher CNT yield than monometallic
catalysts because one metal (in the case of Mo/Fe,
Mo) is responsible for nucleation, and the other metal
is responsible for growth and defect repair [28]. How-
ever, considering much experimental evidence that Fe
is necessary for nucleation and that an unfavorable
ratio of Mo/Fe significantly affects yield, the complex
interaction of Fe and Mo may not be divisible into pri-
mary behaviors. It has also been hypothesized that
molybdenum carbide forms from Mo in a hydrocarbon
environment, which causes aromatization of CHy,
which in turn improves nanotube growth from Fe
[29,23].

Furthermore, compared to other supporting layers
including TiN and TiO,, Al,O; is an especially effective
supporting layer for Fe catalysts for CNT growth
[30,23,31]. The performance of Al,O5; can be attributed
to strong dispersion effects which limit agglomeration
of Fe clusters on the Al,O; surface [8], the nature of
metal-support interactions in promoting electron trans-
fer between the catalyst and the support [7], high surface
roughness and porosity which improves the diffusion of
reactant gases to the catalyst clusters [30,32], and en-
hanced decomposition of hydrocarbons on the Al,O;
surface [33,34]. Some reports indicate the crystallinity
of the support material critically affects CNT growth,
whereas others indicate that amorphous support materi-
als are better supports. For example, Hongo et al. dem-
onstrate that SWNT growth on Fe-coated Al,O3 is
affected by both the film thickness and the crystallo-
graphic orientation of the substrate, which determines
the interaction energy with Fe. On the other hand,
Vander Wal et al. qualitatively show that fumed
(amorphous) oxides give higher yield than powdered
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crystalline oxides. In this study, the effect of crystallinity
may be masked by the increased surface area allowing
more uniform dispersion of the metal catalyst particles.
Furthermore, the support layer should be sufficiently
thick to prevent interdiffusion of the catalyst metal into
the substrate. Therefore, while it has been demonstrated
that the CNT growth is also highly sensitive to support
layer thickness [35,36], relatively steady behavior should
be observed beyond a certain thickness.

2.2. CVD procedure

CNT growth is performed in a conventional single-
zone atmospheric pressure quartz tube furnace, with
an inside diameter of 22 mm and a 30 cm long heating
zone. Flows of argon (Ar, 99.999%, Airgas), methane
(CHy, 99.995%, BOC), ethylene (C,H,4, 99.5%, Airgas),
and hydrogen (H,, 99.999%, BOC) are metered using
manual needle valve rotameters (Matheson Tri-Gas
and Gilmont Instruments). The rotameters were pur-
chased new and were calibrated. We estimate 1-2% rela-
tive accuracy and repeatability of the flow ratios, and
5% accuracy of the total flows.

After loading the sample in the tube, the furnace is
flushed with 400 sccm Ar for 10 min to displace atmo-
spheric air. Next, the furnace temperature is ramped lin-
early to the setpoint temperature, for 30 min, with a flow
of 400 sccm Ar. The Ar flow is maintained for an addi-
tional 15 min while the furnace temperature stabilizes at
the setpoint, and then the reactant gases are introduced
for the growth period of typically 15 min. 400 sccm Ar is
again introduced for 10 min to displace the growth gases
from the tube and then the Argon flow is reduced to a
trickle while the furnace cools.

2.3. CNT characterization

Scanning electron microscopy (SEM) of as-grown
samples is performed using a Philips XL30 FEG-ESEM
in high-vacuum mode, at 5 keV. X-Ray photoelectron
spectroscopy (XPS) is performed using a Kratos AXIS
Ultra Imaging Spectrometer.

Resonant Raman spectroscopy [37] is performed
using a Kaiser Hololab 5000R Raman Microprobe, with
514.5nm (2.41 eV) Argon-lon excitation (Coherent),
and a 100x magnification objective focused to maximize
the intensity of the Si signal. Spectra are taken with a
single 15 s accumulation at each of five points per sam-
ple, and the individual spectra are shifted to match
at the 521 cm ™' silicon peak and then averaged. The
G/D peak intensity ratio is used as a rough measure
of sample quality, because it is the relative response of
graphitic carbon (at 1589 cm™') to defective carbon (at
1350 cm ') from intrinsic defects in the CNTs or amor-
phous carbon on the CNTs and the substrate. The G/Si
ratio is an ordinal approximation of CNT yield. How-

ever, it must be cautioned that an increase in the quan-
tity of CNTs both increases the G-band intensity and
decreases the visibility of the substrate. The catalyst film
and any amorphous deposits on the substrate decrease
the Si signal. Furthermore, the relative intensity of the
D-band peak increases and the Si peak decreases with
higher magnification (smaller spot size). Therefore, it is
imperative to use the same magnification and focus for
examining each sample.

We verified film uniformity and process consistency
among different samples taken from the same wafer
and grown under identical conditions, giving 2-¢ varia-
tion of G/D = 43.1 and G/Si = £0.25. Among individ-
ual samples taken from wafers from seven different
depositions of the Mo/Fe/Al,O; film, variation of
G/D =44.6 and G/Si=42.1. For best consistency,
the temperature and gas composition studies used sam-
ples taken from the same wafer.

3. Growth on flat silicon substrates
3.1. Study of growth temperature

To study the effect of temperature, otherwise identical
experiments were conducted using 1 X 1 cm samples of
the Mo/Fe/Al,O5 film on Si, with 40/360 sccm H,/
CH,, at temperatures ranging from 725 to 1025 °C.
Fig. 1 shows SEM images of representative samples.
No growth occurs at 725 °C, while from 750 to 900 °C
a film of densely tangled small-diameter CNTs is grown.
At 925°C, a low density of CNTs protrudes from
cracked clusters of large particles on the substrate, and
CNTs rarely grow from the substrate areas in between
the clusters. Because of the low density, we observe that
these CNTs are individually at least several um long,
and are sometimes straight and suspended between
neighboring clusters. At 1025 °C, soot forms in the fur-
nace tube, likely due to the self-pyrolysis of CHy. The
soot particles, shown in Fig. 2, are approximately spheri-
cal with a diameter of 1 um. Large-diameter fiber struc-
tures grow on the Mo/Fe/Al,Os film at 1025 °C, and are
also shown in Fig. 2.

The Raman spectra in Fig. 3 indicate that the films of
Fig. 1 contain a large proportion of high-quality single-
walled CNTs. This judgment is based on the position of
the G-band peak near 1589 cm™', the high G/D ratio,
and the presence of strong RBM peaks, and is confirmed
by TEM examination. Several RBM peaks are observed
on each sample in the range of 160-310 cm ', indicating
SWNT diameters of approximately 0.8-1.6 nm. Fig. 4
plots the average G/D and G/Si ratios for each sample,
confirming the observation from SEM imaging that the
CNT yield reaches a sharp maximum at approximately
825 °C, and showing the quality is relatively constant
at G/D =25 for 775-875°C. The variation in G/D
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Fig. 1. SEM images of Mo/Fe/Al,O3 film processed in 400 sccm of 80:20 H,/CHy, at 725-925 °C. Scale is 200 nm on (a)—(c), and 500 nm on (d).
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Fig. 2. Products formed at 1025 °C: (a) soot in furnace tube from pyrolysis of CHy, scale 10 um; (b) fibrous structures on Mo/Fe/Al,Os film, scale
20 pm.
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Fig. 3. G and D band regions of Raman spectra for samples with growth temperature of 750-925 °C, normalized to height of Si peak.
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Fig. 4. Peak intensity ratios from Raman spectra (Fig. 3) of samples grown at 750-925 °C: (a) G/D ratio, indicating sample quality and (b) G/Si
ratio, indicating sample yield.

and G/Si values from spectra taken at different points 3.2. Study of gas composition
on the 825 °C sample is much less than samples grown
at neighboring temperatures, demonstrating that this To evaluate the effect of gas composition on CNT

condition also gives a very uniform film texture. growth, otherwise identical experiments were conducted
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(a)

(b)

Fig. 5. Samples processed in 400 sccm of H,/CHy at 875 °C, with (a) H,/CH4 = 0.02, insufficient for CNT growth and (b) H,/CH4 = 0.09, which

gives highest yield. Scale 200 nm.

using 1 x 1 cm samples at 875 °C and a total flow of
400 sccm, varying the partial flows of H, and CHy. No
CNT growth occurs from these samples in a pure CHy
atmosphere, and CNT growth is first observed for H,/
CH,4 22 0.04. Fig. 5 shows SEM images of selected sam-
ples, and Fig. 6 shows the G/D and G/Si ratios from the
Raman spectra. CNT yield rapidly reaches a maximum
at H,/CH,4 2 0.09, and is locally minimal at H,/CH, =
0.20. Quality is first locally maximized between H,/
CH,;=0.05 and 0.07, then decreases as H, content
increases, and then increases to a second maximum at
H,/CH,4 =2 0.20. Although uncertainty in our data pre-
cludes a more certain conclusion, it appears that the
maximum yield coincides with the first local minimum
in quality, and that the local minimum of yield and max-
imum of quality at H,/CH, 2 0.20 are also coincident.
An analogous behavior is observed on single long sam-
ples (1 x 10 cm) processed in pure CH4. On these sam-
ples, CH,4 is catalyzed into an evolving mixture
containing H, and CHy as the gas flows along the sur-
face of the sample, which causes the morphology, qual-
ity, and yield of CNTs to change significantly. These
experiments will be discussed in a separate report.

3.3. Study of annealing and heating atmospheres

CNT growth from the Mo/Fe/Al,O3 film is also af-
fected significantly by “pre-baking” the catalyst sample,
and by changing the atmosphere in which the catalyst is
heated to the growth temperature. First, we consider a
sample pre-baked in Ar for 30 min at 875 °C, subse-
quently cooled to room temperature, and then treated
with the previously described (“normal”) Ar heating
and H,/CH, growth sequence. The G/Si ratio and the
G/D ratio decrease 10-20% compared to a sample that
was not pre-baked. When the catalyst is not pre-baked
and is heated to the growth temperature in an atmo-
sphere of 5% H, in Ar, no CNT growth occurs. How-
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Fig. 6. Peak intensity ratios from Raman spectra of samples with
processed in varying Ho/CH,4 environments: (a) G/D ratio and (b) G/Si
ratio.

ever, when the sample is first pre-baked in Ar, cooled
to room temperature, and then heated in 5% H,/Ar
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Fig. 7. Effects of annealing and heating: (a) sample annealed in Ar and heated in H,/Ar and (b) sample annealed in Hy/Ar and heated in Ar. Scales

200 nm.
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Fig. 8. Raman spectra of samples prebaked and heated in Ar and H,/
Ar atmospheres.

prior to the growth step, there is moderate CNT yield
and the G/Si ratio is about 50% less than on a sample
that was not pre-baked and was grown by the normal
sequence (Figs. 7, 8). However, the G/D ratio is 80%
higher than for the normal procedure without pre-ba-
king, indicating a significant increase in CNT quality.
When a sample is first treated in 5% H,/Ar at 875°C,
cooled, and then processed normally, the CNT yield is
very low, as confirmed by a sparse network of CNTs
seen on the substrate and a G/Si ratio of only 0.05.

Ex situ XPS data shown in Fig. 9 indicates that the
Mo layer in the Mo/Fe/Al,O; film is continuous as-
deposited. This is apparent because only Mo(3p) and
Mo(3d) peaks are seen in the spectrum of an as-deposited
sample, while peaks for Al, Fe, and Mo appear in the
spectrum of a sample annealed in Ar for 30 min at
875 °C. Angle-resolved XPS measurements, in which
the penetration depth of the X-ray beam is varied by til-

ting the sample stage, show qualitatively how the chem-
ical states of the elements change through the thickness
of the film, due to interdiffusion upon annealing in Ar
at 875 °C. The penetration depth is a maximum of 3—
4 nm when the stage is horizontal (0° tilt), and decreases
as the stage is tilted to the maximum angle of 70°. Fig. 9b
shows that each element is more strongly oxidized near
the surface of the film, because the peaks shift to higher
binding energy as the stage tilt angle decreases [38]. The
Al 2p spectrum shows the characteristic peak of Al at
approximately 72eV and Al,O3; at approximately
75 eV, and the relative strength of the Al,O3 peak in-
creases at the surface. The doublet in the Fe 2p spectrum
shows Fe,O5 (2p3/, at 711 eV and 2py» at 725 eV), with a
weak shift toward elemental Fe (2p3/, at 707 eV and 2py,»
at 720 eV) as the penetration depth increases [39]. The
Mo 3d signature suggests an increasing proportion of
MoOs; (3ds/, at 233 eV and 3d3/; at 236 eV) near the sur-
face, relative to Mo (3ds/; at 228 eV and 3d;/, at 231 eV).

3.4. Discussion

The G/D ratio of our films, which is greater than 20
for most growth conditions, exceeds values previously
reported for Fe and Mo/Fe catalysts supported on oxi-
dized Al and spun-on Al,Oj; films [23], indicating that
the Al,O5 deposited by e-beam evaporation is especially
effective as a supporting layer for CNT growth catalysts.
Also, we suspect that Al,Oz directly promotes CNT
growth, perhaps by feeding carbon to the catalyst parti-
cles by surface diffusion, as Al,O3 is known to catalyze
the reorganization and decomposition of hydrocarbons
at temperatures as low as 300 K [40]. Similar to the effect
of adding H, to the gas mixture there may be an equilib-
rium effect of Al,O3, and in general of the relative sur-
face area of the oxide support. At one extreme,
placing a large block of Al,Ojz in the furnace tube
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Fig. 9. Structure and composition of Mo/Fe/Al,O3 catalyst film, measured by X-Ray Photoelectron Spectroscopy (XPS): (a) comparison of as-
deposited, annealed, and CNT samples and (b) through-thickness evolution of annealed sample, measured by angle-resolved XPS.

prevents CNT growth on a Mo/Fe/Al,O5 sample. Ini-
tially clean Al,Osz surfaces darken, indicating surface
deposition of carbon, at conditions which otherwise do
not cause self-pyrolysis of CHy. At the other extreme,
films of Mo/Fe on Si and SiO, show significantly lower
yield than the Mo/Fe/Al,O3 film when processed under
the same conditions.

It is well-known that treatment in H, enhances sinte-
ring of metal nanoparticles and promotes re-precipita-
tion of metals from oxide supporting layers [41];
therefore, it is not unexpected that CNT growth is ab-
sent on a film heated in H,/Ar without pre-baking.
However, noting that all samples first pre-baked in Ar
show at least moderate CNT yield, it appears that
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high-temperature treatment in an oxidizing atmosphere
stabilizes the film against the deleterious effects of Ho.
Numerous past results demonstrate there is a particle
size “window” for CNT growth [16,42], where the car-
bon supply rate and activity must match the conditions
for growth. When a thin film is heated, a broad distribu-
tion of particle sizes is created. This distribution is easily
shifted by the annealing and heating atmosphere and
process, but when the Fe/Mo catalyst remains oxidized
prior to nucleation SWNT growth occurs over a broad
range of processing conditions.

We also tested CNT growth from a 3.0/1.5/20 nm
Mo/Fe/Al film on bare Si, as suggested by Ward et al.
[23]. After heating in Ar, we were unable to grow CNTs,
likely due to formation of an Al-Si eutectic at 577 °C,
which deactivates the catalyst metal [26]. Growth after
dedicated oxidation of the Al layer, by holding in air
at 450 °C for 30 min prior to introduction of Ar and fur-
ther heating to the growth temperature, yielded only a
low density of poor-quality CNTs. We initially expected
a higher CNT density because thin Al layers oxidize ra-
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pidly in air [21]; however because the Mo top layer is
continuous, it may slow oxidation of the Al until most
of the Fe has diffused into the Al, giving a compound
which is less effective for CNT growth.

Franklin et al. showed that CNT growth from a solu-
tion-prepared Mo/Fe/Al,O; catalyst occurs in a narrow
composition window of H,/CH, spanning from approx-
imately H,/CH,4 = 0.06-0.10 [43]. They observed little or
no yield from gas compositions outside this range; on
one side there was an excess of active carbon species
due to self-pyrolysis of CHy4, and on the other side there
was a deficit of active species. While the highest yield
from our system falls within these limits, we further
show high-activity from H,/CH4=0.1-0.3. It would
be instructive to conduct experiments at a higher H,/
CH, ratio; however, at this stage, the configuration of
our CVD apparatus limited our experiments to the
range of flow compositions presented here.

Furthermore, we suspect that the interaction between
Fe and Mo is qualitatively similar to that of the Co/Mo
system, in which highly monodisperse clusters of Co are
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Fig. 10. Qualitative study of effect of Mo on CNT film growth: (a) Mo/Fe/Al,0O5 in Hy/CHy, 875 °C (scale 200 nm); (b) Fe/Al,O3 in H,/CHy, 875 °C
(scale 200 nm); (c) Mo/Fe/Al,O3 in H,/C,Hy, 750 °C (scale 1 um) and (d) Fe/Al,O3 in H,>/C,Hy, 750 °C (scale 1 pm).



A.J. Hart et al. | Carbon 44 (2006) 348-359

stabilized by an excess of Mo, giving a high-yield of
SWNTs with a narrow diameter distribution [44,11].
Our catalyst has a definite excess of Mo (Mo/Fe = 2),
and the excess Mo does not inhibit growth of SWNTs
even though the solubility of Mo in Fe is only 7% and
the total metal thickness of 5 nm likely produces metal
clusters larger than the SWNT diameters we observed.
It would be instructive to pursue a combinatorial ap-
proach to evaluate the effect of catalyst composition
when there is an excess of Mo. A study spanning a
range where Fe/Mo < 1, in which overlapping gradient
films were deposited by pulsed laser deposition, demon-
strated that Mo/Fe = 1/16 is the best ratio for growth of
vertically-aligned MWNTs by thermal CVD of C,H,
[45].

Finally, to qualitatively evaluate the role of Mo and
the hydrocarbon environment, we compared the perfor-
mance of the Mo/Fe/Al,O5 film to a Fe/Al,O; film, in
H,/CH, and in H,/C,H, environments. Fig. 10 shows
SEM images of CNT growth from these four conditions.
Versus the high-density SWNTs grown from Mo/Fe/
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Al,O3, Fe/Al,O5 gives a much lower density of CNTs
in H,/CH,;. Mo/Fe/Al,O; gives highly defective
MWNTs in H,/C,H,, whereas Fe/Al,O3 gives mm-high
structures of vertically-aligned MWNTs. Therefore, Mo
promotes growth of SWNTs from CHy, but may retard
the growth of MWNTs from C,Hy. A complex interac-
tion between Mo and Fe is further implied, because
based on as-deposited thickness, we may expect the Fe
film (1.5 nm) to give smaller particles than the Mo/Fe
film (3.0/1.5 nm). We emphasize that the best parame-
ters for CNT growth are tightly coupled for each cata-
lyst and hydrocarbon environment; for example, the
gas composition giving the highest yield changes with
growth temperature, and the conditions for high-yield
do not necessarily give the highest quality.

4. Growth on microstructured silicon substrates

Following the normal CVD procedure discussed pre-
viously, high-quality CNT films are also grown directly

AccV Spot Magn
5.00kV 30 50000x SE 11.0

AccV SpotMagn - Det wD NN | 1m
500kv 30 B4484x SE 10

(c)

Fig. 11. CNT growth from Mo/Fe/Al,O3 catalyst on bulk-micromachined silicon microstructures: (a) film on vertical sidewall of cylindrical post
fabricated by DRIE; (b) uniform film on pyramid inside KOH-etched microchannel and (c) transition between sidewall and floor of microchannel.

Scales 1 pm.
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and conformally on silicon microstructures. Bulk-
micromachined structures are fabricated from (100) sili-
con wafers by deep-reactive ion etching (DRIE) using a
SF4/C4Fg plasma, by reactive ion etching (RIE) using a
Cl, plasma, and by wet etching in aqueous KOH. The
Mo/Fe/Al,O; catalyst film is deposited on the micro-
structures by the same process as for the flat silicon
substrates; the wafer is placed horizontally and perpen-
dicular to the evaporation source and during deposition
the substrate holder is rotated in the horizontal plane.
While the oblique microstructures, especially the vertical
sidewalls of the DRIE-etched structures, expose smaller
projected areas and therefore receive thinner metal layers
than surfaces that directly face the evaporation source,
we observe CNT growth on all topography, indicating
that uniform scaling of the film thicknesses within a wide
range does not significantly reduce the activity of the
catalyst film. As expected, growth on the DRIE-etched
vertical walls appears to be less dense than on the
KOH-etched slanted surfaces; however, the moderate
growth density on the vertical walls suggests that inter-
molecular collisions in the vapor flux direct a significant
fraction of atoms to the sidewall surfaces.

Fig. 11 shows CNT films grown on a vertical sidewall
etched by DRIE and a on pyramid structure within a
microchannel etched in KOH. These films uniformly
coat slanted surfaces (Fig. 11b) and make smooth tran-
sitions at corners (Fig. 1la and b). Suspended CNTs
span distances of approximately 5 pum or less between
nearby structures, such as across narrow V-grooves
etched in KOH. Raman spectra are nearly identical on
all horizontal and slanted silicon surfaces covered with
CNTs, verifying film uniformity. However, the signals
from SWNTs are often stronger when the spot is fo-
cused over a narrow trench, indicating resonance from
suspended SWNTs.

5. Conclusion

We studied growth of high-quality CNT films on bare
and microstructured silicon substrates by atmospheric
pressure thermal CVD, from Mo/Fe/Al,O; deposited
by e-beam evaporation. Dense SWNT growth occurs
in gas mixtures containing at least 5% H, in CHy, at
750-900 °C. Presence of Mo and Al,O5 in addition to
Fe promotes high-yield growth of SWNTs under these
conditions. Comparatively, a Fe/Al,O5 film gives verti-
cally-aligned MWNTs in H,/C,H,, but only a very
low density of CNTs in H,/CHy,. These results reinforce
the importance of synergy between the catalyst and gas
activity in determining the morphology, yield, and qua-
lity of CNTs. Our methods are scalable to full-wafer
areas, and conformal CNT film grown on bulk-
micromachined structures encourages integration of
CNT films as functional elements in micro devices.
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