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Abstract

Carbon nanotubes are synthesized by cold wall chemical vapor deposition (CVD) using methane as the carbon source and iron thin
film catalyst. The yield of thin nanotubes as determined by scanning electron microscopy (SEM) is strongly dependent on the precise
CVD process and the preparation of the substrate. The effects of pressure (5–80 kPa), temperature (700–950 �C), substrate conditioning
(air preheat) and metallization (Fe, Al, Mo) on thin nanotube yield are reported. High yields of thin nanotubes are obtained under opti-
mum conditions. These thin nanotubes are candidates to be single walled carbon nanotubes (SWNTs) and Raman spectroscopy, pho-
toluminescence spectroscopy and electrical transport provide evidence that, at least at optimum conditions, many, and perhaps all of the
thin nanotubes are single walled. Single nanotube field effect transistors are fabricated and factors affecting device yield are reported.
Optimum single nanotube device yield does not necessarily coincide with the optimum nanotube yield.
Crown Copyright � 2006 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Chemical vapor deposition (CVD) is presently the lead-
ing method of synthesizing carbon nanotubes. Drawing on
earlier methods of synthesizing larger filaments, the meth-
ods of single walled nanotube (SWNT) synthesis developed
in the mid- to late-1990s have proliferated widely, and
expanded into a family of related methods. Very generally,
CVD methods can be classified into ‘‘hot wall’’ and ‘‘cold
wall’’ categories [1]. In hot wall methods, a furnace, includ-
ing its sidewalls is heated. In cold wall methods, only the
sample itself is heated. This seemingly insignificant differ-
ence is of considerable practical importance.

The early work on SWNT CVD, and what might now be
called the ‘‘standard method’’ of SWNT synthesis focused
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on hot wall methods [2]. However, cold wall methods have
many advantages, including economy, and compatibility
with optical monitoring. It is also a natural approach for
plasma CVD methods, and therefore much of the work
on multiwalled carbon nanotubes (MWNT) has been cold
walled.

Previously we reported using cold wall CVD to synthe-
size SWNTs [3]. We found the process to be somewhat
inconsistent in terms of day-to-day yield of synthesized
product, and in terms of uniformity across a given sample.
However, we have improved our own cold wall CVD pro-
cess. Others have also successfully used cold wall methods
[4]. In general, progress in the CVD synthesis of SWNTs
has been rapid and all the lessons from hot wall CVD apply
to cold wall CVD. Using newer substrate preparation
methods, characterization methods and growth recipes,
cold wall CVD appears to be just as reliable as hot wall
CVD. Below we will show how process parameters, includ-
ing CVD pressure, temperature, and sample preparation
affect the yield of thin nanotubes as observed by SEM.
r Ltd. All rights reserved.
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Fig. 2. Sample schematics: (a) catalyst island only sample, (b) molybde-
num contact sample, (c) chromium gold contact sample and (d) trench
sample.
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At optimized conditions we show that many, if not all, of
these thin nanotubes are SWNTs. We also fabricate single
nanotube FETs and examine how these parameters affect
device yield.

2. Experiments

We used a simple home-built cold wall CVD reactor (Fig. 1). The reac-
tor was a short pyrex cylinder (diameter �7 cm, total internal volume
�0.8 L) mated to stainless steel flanges. The sample (rectangular, total
area �1 cm2) was clipped on a miniature hot stage, only slightly larger
than the sample, and heated by thermal conduction. The hot stage was
suspended on posts used to supply current for heating. Alternatively,
the sample could be heated by passing a current directly through the sam-
ple. While both heating methods produced SWNTs, the hot stage provided
better temperature uniformity. Therefore, all data presented here were
obtained with conductive heating via the hot stage.

Gas was admitted by a �6 mm diameter tube directed at the center of
the sample at a distance of �2 cm and an angle of �60� from the substrate
normal. As illustrated in Fig. 1b, hydrogen and methane gas injection
rates were regulated by upstream mass flow controllers (FC). A turbomo-
lecular pump (TP) was used to evacuate the chamber to its base pressure.
The turbomolecular pump was then isolated by a shutoff valve (crossed
circle). When gas was admitted, a scroll pump (SP) was used to maintain
a fixed pressure. The pressure was measured by a Baratron gauge (P) and
regulated by a needle valve (crossed circle with arrow).

All samples were derived from �0.4 mm thick, lightly phosphorus
doped (10 X cm) Si(100) wafers capped with 1 lm thermal SiO2. The cat-
alyst consisted of a layer of aluminum (�1 nm) with iron on top (�1 nm)
deposited by electron beam evaporation. Samples were exposed to air dur-
ing the interval between the deposition of aluminum and iron.

Photolithography was used to prepare four sample types (Fig. 2). For
the catalyst-only samples (Fig. 2a), circular catalyst islands of �2 lm in
diameter (illustrated), as well as more elongated shapes of similar scale
(not shown) were prepared by photolithography. For molybdenum con-
tact samples (Fig. 2b), prior to catalyst deposition, molybdenum fingers
were prepared by a separate lithography step, with deposition by magne-
tron sputtering. Fingers of various shapes were prepared, typically several
microns wide, �70 lm long, and �200 nm thick. For chromium gold con-
tact samples (Fig. 2c), gold fingers of similar geometry to the molybdenum
fingers were patterned by lithography after CVD growth of nanotubes.
For trench samples (Fig. 2d), prior to catalyst deposition the silicon diox-
Fig. 1. Cold wall CVD schematic: (a) reactor schematic (approximately to
scale) and (b) gas flow schematic. The acronyms are explained in the main
text.
ide was etched to form trench and hole patterns. Trenches and holes were
a few microns wide, with vertical sidewalls, and etched down to the silicon,
1 lm deep.

Before CVD growth, some samples were preheated to 300 �C in air.
The effect of this conditioning step will be shown below. The standard
CVD process was as follows. In the first step, a reduction step, hydrogen
was flown at 200 sccm until the chamber reached a pressure of 66 kPa,
after which the sample was heated to a fixed temperature in the range
700 �C to 950 �C under a continuous flow of hydrogen for 10 min. Tem-
peratures were measured with an optical pyrometer having a 2 mm diam-
eter sampling spot centered on the substrate. Next was the growth step, in
which methane was introduced to initiate the growth of SWNTs. Methane
was introduced at various flow rates, with a co-flow of hydrogen main-
tained. Typical flow rates were 200 sccm for methane and 20 sccm of
hydrogen (10:1 ratio) as measured by mass flow controllers. Typical tem-
peratures for the growth step ranged from 700 �C to 950 �C. Methane was
flown for several minutes, after which the hydrogen was ramped up to
200 sccm and the methane ramped down to no flow. Finally, hydrogen
alone was flown for �15 min, diluting the residual methane to below a
partial pressure of 7 kPa as verified by a residual gas analyzer sampling
the exhaust. The heating current was then shut off and the sample cooled
to �100 �C within �1 min.

Next, we briefly explain the rationale for the main elements of the
CVD process. The reduction step serves two purposes, first it helps ensure
that the iron is not in the form of an oxide [5,6] and second to change the
thin film catalyst morphology, producing nanoparticle catalysts. The
reduction of Fe2O3 in a hydrogen atmosphere is spontaneous above
�425 �C, and the reduction of Fe3O4 is spontaneous above �625 �C. It
is believed that oxides poison the catalyst, so this would appear to set a
lower bound on the temperature for which SWNTs can be grown using
iron alone as the catalyst. However, it should be noted that very recent
research has challenged the assumption that oxides are ineffective catalysts
[7]. Of course, a further complication is that phase diagrams derived from
bulk materials do not necessarily apply directly to nanoparticles so these
temperatures are only approximate.

The temperature range of the growth step can be rationalized if the
enthalpy and entropy of formation of SWNTs change little from that of
bulk graphite. Since the decomposition of methane to form graphite and
hydrogen gas is spontaneous only above �650 �C, this is likely to repre-
sent a lower limit to the temperature for the growth of SWNTs via thermal
CVD with methane as the carbon source. At high temperatures
(�1000 �C) reactions of catalyst particles with the substrate can poison
the growth [8].

Recent reports for CVD with ethylene [9] indicate that trace water
vapor and perhaps other oxidizing trace gases can change the yield and
distribution of carbon nanotubes. Here, we have used research grade pur-
ity gas, and evacuated the chamber with a turbopump before each growth
run, but beyond that, we have not intentionally controlled the levels of
oxidizing trace gases. It is worth pointing out that the levels of trace gases
such as water vapor may be quite different for cold wall CVD as compared
to hot walled CVD. Unlike Ref. [9], we did not observe forest growth,
however, although similar catalyst was used, ethylene is much more unsta-



Fig. 4. Effect of iron catalyst film thickness on nanotube yield. Post-
growth scanning electron micrographs (1 keV) of catalyst islands with
nominally: (a) 1 nm Fe and (b) 2 nm Fe.
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ble than methane, which should cause a higher carbon yield, but may also
result in increased MWNT growth. Methane source and iron catalyst
based plasma CVD methods, inherently more reactive than thermal meth-
ods, have been recently been reported to produce SWNT forests [10].

To analyze the yield all samples were examined by scanning electron
microscopy (SEM), our primary characterization tool. Scanning electron
microscopy is rapid and under appropriate operating conditions easily
reveals even single SWNTs. In ‘‘charging mode’’, one does not image
the nanotube itself but rather the charge that accumulates on an insulating
surface adjacent to the nanotube [11–13]. On SiO2 surfaces, 1 keV is an
appropriate acceleration voltage for charging mode. The upper detector
of a Hitachi S-4700 SEM was used for detection.

A weakness of SEM is that it cannot clearly distinguish between
SWNTs and thin MWNTs, or thin bundles of SWNTs. Thick multiwalled
nanotubes (MWNTs) look different from SWNTs in SEM, but SEM alone
cannot clearly distinguish between SWNTs and thin MWNTs, such as
double walled carbon nanotubes (DWNTs). Only transmission electron
microscopy (TEM) images can show directly that nanotubes are single
walled. However, Raman and PL spectra of SWNTs are very characteris-
tic and can be used to identify them. Throughout the text we use the ter-
minology ‘‘thin nanotubes’’ to refer to structures identified by SEM which
are SWNT candidates, but which have not otherwise been tested or con-
firmed to be SWNTs. In what follows we use SEM to optimize the yield
of these thin nanotubes and then use optical spectroscopy to confirm
the existence of SWNTs on samples produced in the optimized process.
Transport experiments on single nanotube FETs provide further evidence
for a high yield of SWNTs in the optimized process.

3. Results and discussion

Preheating samples in air before the CVD process
strongly affects the yield of thin nanotubes. Fig. 3a shows
a molybdenum sample grown without such a conditioning
step. Fig. 3b shows the same sample type grown after pre-
heating in air for 10 min at 300 �C. Areas of bright contrast
are nanotubes imaged by SEM in the charging mode. The
CVD process was reduction in hydrogen at 150 sccm and
growth in a methane and hydrogen co-flow of 200 sccm
and 20 sccm, respectively, at a temperature of 900 �C.

It is likely that the preheat enhances the yield by chang-
ing the aluminum sublayer. Early CVD growth experi-
ments used alumina nanoparticles (Al2O3) to increase
yield by preventing the sintering of catalytic nanoparticles,
and allowing for a very high loading of catalyst [2,11]. The
use of aluminum as a buffer layer between the substrate
and the catalyst particles has also already been shown to
Fig. 3. Effect of preheat conditioning on nanotube yield. Post-growth
scanning electron micrographs of catalyst islands (1 keV): (a) no preheat
and (b) preheated.
have significant effects on the nanotube yield [14–16], and
ensuring that it is in the form of alumina is important
[16]. The conditioning step should help to more completely
oxidize the aluminum. The resulting alumina layer may
help prevent catalyst poisoning, and possibly also have a
more direct role in catalysis.

Fig. 4 illustrates the effect of varying the iron film thick-
ness on yield. The iron catalyst thin film was nominally
1 nm in (a) and 2 nm in (b), with 1 nm Al sublayers in both
cases. This is a catalyst-only sample, as outlined in Fig. 2a.
These samples were preheated in air at 300 �C for 10 min,
reduced in hydrogen and grown at 900 �C with a methane
hydrogen co-flow of 200 sccm and 20 sccm respectively.

Thin nanotubes are visible for both thicknesses. Some-
what lower yield is seen for the 1 nm film. For the 2 nm
iron film, there are many thin tubes present, but there are
also several thick tubes which are directly resolved in
geometrical contrast, even though the magnification is
low. These thick curled filaments with micron scale radii
of curvature are obviously not SWNTs. At greater film
thicknesses, the large, curled filaments predominate,
though some thin nanotubes remain. Much thicker films
(�10 nm) yield amorphous, roughly spherical structures
with no filamentary character. Thus, the best thickness of
iron film to produce reasonable yields of SWNT candidates
without excessive growth of material which clearly consists
of non-SWNT structures is �1 nm or less.

The effect of film thickness seen here is consistent with
previous studies. Metal films have been used to catalyze
MWNT growth [17], and for the plasma CVD of thick
MWNTs the tube diameter scales with film thickness [18].
More recently plasma CVD has been extended to produce
SWNTs [19,10]. For thermal CVD of iron films on sapphire,
thin films (2 nm) showed larger percentages of SWNTs
relative to thick films (5 nm) which produced MWNTs
and amorphous carbon [20]. Thin films of 0.5–5 nm in thick-
ness are reported to produce catalyst particles of diameter
5–50 nm when heated to temperatures on the order of
900 �C, and SWNTs were found only to grow by thermal
CVD with methane for iron particles between 5 and 15 nm
in diameter [21].



Fig. 5. Effect of molybdenum on nanotube yield. Post-growth scanning
electron micrographs (1 keV) of (a) a catalyst island with no molybdenum
and (b) a catalyst island surrounded by a molybdenum contact finger.

Fig. 6. Effect of temperature on nanotube yield. Scanning electron
micrographs (1 keV) of nanotubes grown at (a) 700 �C and (b) 850 �C.
Vertical stripes in (a) are molybdenum.
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Surprisingly, the presence or absence of molybdenum
contact fingers was the dominant factor determining thin
nanotube yield. Fig. 5a shows the result of growth on a cat-
alyst-only sample, as outlined in Fig. 2a. Fig. 5b shows a
molybdenum contact sample, as outlined in Fig. 2b. Both
samples were preheated in air at 300 �C for 10 min, reduced
in hydrogen at 900 �C for 10 min and grown at 900 �C in a
methane (200 sccm) and hydrogen (20 sccm) co-flow also
for 10 min. Without molybdenum just a few thin nano-
tubes per island were obtained, however, with molybdenum
in close proximity the yield was high.

Molybdenum has a catalytic role in combination with
iron in methane CVD [22]. A mixture of iron and molybde-
num chlorides as a conditioning catalyst upstream from the
substrate in hot wall CVD was found to increase yield and
length [23]. Iron–molybdenum bimetallic catalysts were
found to catalyze nanotube growth at relatively low tem-
peratures [6]. Under certain conditions, the use of molybde-
num-alumina conditioning catalyst upstream in a hot wall
CVD reactor was found to increase the relative yield of
DWNTs [24].

In our case, the molybdenum was spatially separated
from the iron catalyst, but it still caused a tremendous
increase in thin nanotube yield. The range of the enhance-
ment effect was finite, dropping off as the distance away
from the molybdenum patterns increased (at less than
�1 mm away). It is likely that the molybdenum catalyzes
the creation of more reactive carbon species from methane,
which diffuse to the iron catalyst. It has been reported that
benzene could be detected by residual gas analysis of the
exhaust in molybdenum enhanced methane CVD [23],
however, we found no detectable increase in benzene con-
centration here.

Molybdenum is used for pre-CVD growth contact fabri-
cation [25]. Pure molybdenum oxidizes readily and the
oxide is volatile at CVD growth temperatures. Consistent
with Ref. [25], we found that at least some hydrogen co-
flow was essential to prevent the molybdenum fingers from
eroding.

Growth temperature is another critical variable. The
temperature to which the substrate is heated may change
the size and shape of the nanoparticles, and if the temper-
ature is too low, particularly in a non-reducing atmo-
sphere, the degree to which nanoparticles are reduced to
pure iron may change. To minimize these effects we used
a two-step growth process whereby samples were reduced
in pure hydrogen at 950 �C and then grown with a meth-
ane/hydrogen co-flow with 10–20% hydrogen.

The resulting product showed dramatic changes as a
function of temperature. There was high nanotube yield
and little notable variation in appearance in the SEM
images over the range �800 �C to �900 �C. However,
below 800 �C the yield dropped. At 700 �C, nanotubes were
still present, but it was necessary to search a wide area to
find any nanotubes (Fig. 6a). For contrast, a very high
yield of nanotubes obtained at 850 �C is shown in Fig. 6b.

These results are consistent with single temperature
results using methane but argon in place of hydrogen
[26]. This suggests that the drop off in yield over this tem-
perature range has nothing to do with the size of the nano-
particles or their reduced or oxidized state, but simply with
the catalytic activity of iron with respect to methane in this
range. Since the formation of graphite from methane is
spontaneous down to �650 �C, this is a question of kinetic
rate rather than thermodynamic stability. In Ref. [6],
Fe/Mo bimetallic catalysts were reported to still have sig-
nificant nanotube yield for methane CVD at 680 �C, and
essentially no yield at 600 �C, which is as expected from
the thermodynamic argument.

The temperature dependence of nanotube growth has
been reported over a wide range for thermal CVD using
acetylene as a precursor. Acetylene decomposes much more
readily than methane, and a carbonaceous product is
obtained at low temperatures. For CVD with an acetylene
burst, using an aluminum buffer layer and Fe/Mo bimetal-
lic thin film catalyst, at 700 �C the yield of nanotubes was
poor, with MWNTs tubes appearing at 800 �C and SWNTs
appearing by 900 �C [27]. Such thick MWNTs are not gen-
erally seen in our case, unless the catalyst layer is too thick,
however, the formation of MWNTs is undoubtedly a con-
sequence of the instability of acetylene.

Others working with acetylene, using thin films of iron
sputtered directly on silicon, report SWNT formation in
the range 850–900 �C with only MWNTs below that [28].
Also, using aluminum thin film and bimetallic Fe/Mo thin
film catalyst, and acetylene CVD, MWNTs were reported
at temperatures as low as 500 �C, with a mixture of
SWNTs and DWNTs formed in the range 800–900 �C



Fig. 7. Nanotube yield at low pressure. Scanning electron micrograph of
nanotubes grown at a total pressure of 10 kPa. The vertical stripe is
molybdenum, and the circles are catalyst islands.
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Fig. 8. Raman spectra. Three spectra are shown, offset for clarity.
Nanotube related peaks include the radial breathing mode (RBM) labeled
with an arrow, and the D and G bands. Substrate related peaks are labeled

*, Si-1 and Si-2.

Fig. 9. Suspended nanotubes: (a) scanning electron micrograph of a
suspended nanotube and (b) photoluminescence spectrum from a (differ-
ent) suspended nanotube.
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[29]. It is interesting that SWNTs form at similar tempera-
ture ranges regardless of precursor, and this requires a
common mechanism for the nucleation of SWNTs, inde-
pendent of the hydrocarbon species.

Reducing the gas pressure also caused the thin nanotube
yield to fall. The lowest pressure for which we had appre-
ciable growth was a partial pressure of 8 kPa methane, with
methane to hydrogen at a 5 to 1 ratio for a total pressure of
less than 10 kPa. The reduction step was performed at
higher pressure, in case the pressure at this stage had any
effect on the size, shape, or state of the catalyst particles.
The result is shown in Fig. 7. There is less than one nano-
tube per catalyst island, and these few nanotubes are fairly
short. We even observed a handful of short nanotubes at
methane partial pressures of 4.4 kPa (methane to hydrogen
ratio of 5 to 1 for a total pressure of �5 kPa). However, in
that case the yield was extremely low and it was necessary
to search over a wide area to find any nanotubes. The drop
off in yield at low pressures is similar, but somewhat lower
than previously reported for methane thermal CVD [30].

In a vapor–liquid–solid (VLS)-type picture, this drop
can be explained. The catalyst particle must remain satu-
rated to precipitate new carbon into the growing nanotube.
Desorption is activated with temperature, and for any
given temperature carbon will desorb from the catalyst at
a given rate. The pressure must be high enough that the
adsorption rate can overcome this. As the adsorption rate
approaches the desorption rate the growth rate will fall,
ceasing when they become equal. It should be noted that
the adsorption rate of carbon is lower than the gas
impingement rate, by an amount determined by the activity
of the catalyst.

We next provide spectroscopic evidence that the thin
nanotubes on the high yield samples are indeed single
walled. Raman spectra are shown for a high yield (molybde-
num) sample in Fig. 8. A home-built confocal micro-
Raman setup was used with HeNe (633 nm) laser excitation
with 6 mW focused to a �5 lm diameter spot. Spectra were
taken for nanotubes lying on the surface. Three sample
spectra are displayed with a fixed offset for clarity. Radial
breathing modes (RBM) are clearly visible and labeled with
an arrow, and are the clear spectroscopic signatures of
SWNTs. From top to bottom, RBM frequencies are
224 cm�1, 147 cm�1, and 167 cm�1. A strong G band, and
a weaker D band are also visible. Substrate related peaks
include the silicon first order (Si-1) and silicon second order
(Si-2) peaks as well as a lower energy mode (*).

A completely independent line of evidence for the forma-
tion of SWNTs comes from photoluminescence (PL) spec-
troscopy. Isolated, suspended SWNTs are strong PL
emitters, while tube bundling and interactions with other
surfaces quenches PL [31]. To produce such samples, we
fabricated arrays of several micron wide trenches and holes
by photolithography and reactive ion etching. Subsequent
processing was otherwise very similar, with aluminum
(1 nm) and iron (1 nm) deposited, and growth at 900 �C
with a methane and hydrogen co-flow (2 to 1 ratio). Many
holes ended up being bridged by long nanotubes. An exam-
ple is shown in Fig. 9a. Suspended nanotubes are easily
detected by SEM at a range of voltages, and segments on
oxide are easily seen at 1 keV via the charging mode. There
is actually only a single nanotube in Fig. 9a. It is�100 lm in
length and coils several times, crossing the hole three times.

Photoluminescence was performed on the same sample,
but not at the same position shown in Fig. 9a. A focused



Fig. 10. Single nanotube transistor gate characteristics. Typical gate
sweep characteristics for (a) a semiconducting single nanotube transistor
and (b) a metallic single nanotube transistor. The direction of the sweep is
indicated by the arrows. The source electrode is grounded.
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HeNe laser at 633 nm was used for excitation. The lumines-
cence was collected by the same lens, split from the excita-
tion beam by a long pass filter, dispersed by a grating
spectrometer, and detected by a liquid nitrogen cooled
InGaAs detector. The system was sensitive to luminescence
from �0.9 lm to �1.6 lm. Fig. 9b shows a PL spectrum
from a single nanotube. A weak background arises from
the luminescence of the underlying substrate. Despite its
nanometer scale diameter, the single nanotube PL is much
brighter than that from the underlying bulk silicon.

The peak shows the characteristic asymmetric lineshape
and narrow linewidth expected from SWNTs suspended in
free space [32]. The peak position in this case is consistent
with that of an isolated (7,6) nanotube, which is nearly res-
onant with the 633 nm excitation wavelength, and thus
expected to be strong. The detection of PL, along with
the characteristic SWNT PL peak shape, and finally the
peak position for this excitation wavelength are evidence
of SWNT formation.

To test the electrical properties of these nanotubes, we
fabricated single nanotube FETs [33]. Catalyst islands were
�2 lm wide and ranged in length from �2 lm to �10 lm.
Contact fingers were �4 lm wide and spaced by �6 lm.
There was no preferred direction for growth, so we
arranged the finger patterns in a spiral pattern around
the central catalyst island. The oxide was 1 lm thick, and
the doped substrate acted as a backgate. To make a single
nanotube transistor, a nanotube had to bridge at least two
fingers, meaning that only nanotubes of lengths �20 lm or
more could be used for devices.

Samples with molybdenum fingers deposited before
growth had a device yield ranging from 8% to 20%, with
device yield defined as the ratio of patterns with nanotubes
bridging at least two contacts to the number of possible
devices. Device yield was lower when no molybdenum
was used before growth and metal contacts were deposited
after CVD (i.e. on top of the nanotubes). In that case the
yield ranged from 2% to 16%. The lower yield was a direct
consequence of having far fewer nanotubes.

Ironically, at very high nanotube yields the device yield
was reduced. For very high nanotube yield, long tubes were
less abundant, apparently because most become tangled in
the large catalyst area and failed to extend out over the
contacts. More speculatively, it is also possible that if the
nanotube yield is high, nanotubes compete with their
neighbors for reactants, resulting in many shorter nano-
tubes instead of fewer, longer nanotubes. Our highest
device yields came from substrates with molybdenum con-
tacts that were not preheated in air, so that the number of
nanotubes per catalyst island was lower, but the odds of
the tube being long and relatively straight were higher.
Many nanotubes were of the order of 100 lm long and
so were multiply contacted.

Higher device yields are possible by changing the geom-
etry. For example, most nanotubes were shorter than
20 lm, so many more active devices would be obtained
with smaller contact sizes and spacings. Also, larger or dif-
ferently shaped catalyst areas could be used to increase the
number of nanotubes. One tradeoff is that if the nanotube
yield is too high, the devices will be bridged by multiple
nanotubes, and so will not be single nanotube FETs.

Electrical characteristics of the devices were measured in
air at room temperature with a commercial probe station.
Single nanotube devices, as expected, fell clearly into two
classes: semiconductors, which showed a large current
modulation with respect to gate voltage, and metals which
showed only a mild modulation in current. Fig. 10a shows
a gate sweep for a typical semiconducting nanotube. The
source electrode is grounded and the voltage on the drain
electrode (VD) is 50 mV. The voltage on the back gate
(VG) was swept over a wide range. Fig. 10b shows a similar
sweep for a typical metallic nanotube. The sweeps were
highly hysteretic with large gate voltage swings required
to ‘‘drag’’ the current back. Hysteresis is commonly seen
in nanotube FETs [34] and has been attributed to charging
trapped on and in the oxide [35].

These electrical transport experiments provide another
line of evidence that at least under optimum conditions,
the thin nanotubes are indeed SWNTs. Zone folding theory
predicts that single walled nanotubes can be classified as
semiconducting or metallic [36]. (More refined theory shows
that many of the ‘‘metallic’’ nanotubes actually develop a
small bandgap, but the bandgap is sufficiently small that
they can be considered metallic here.) The ratio of metallic
to semiconducting nanotubes for a random ensemble of
individual, isolated SWNTs is expected to be 1/3 to 2/3.
Ensembles of MWNTs or bundled SWNTs should deviate
strongly from this ratio. Of the devices we measured,
�65% were semiconducting, consistent with the expectation
for single SWNT devices, and inconsistent with expectation
for MWNTs and bundles of SWNTs.

4. Summary and conclusion

The cold wall CVD method of nanotube synthesis
appears to be just as effective as the standard hot wall
method. Given its relative economy, speed and versatility,
cold wall CVD could become the preferred method.

High thin nanotube yield can be obtained specifically
for thermal cold wall CVD with methane precursors and
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iron thin film catalyst with the use of an aluminum thin
film sublayer. The thin nanotube yield depends strongly
on the presence or absence of molybdenum in proximity
to the iron catalyst. Yield is enhanced if a preheating con-
ditioning step is used. The catalyst film must be the right
thickness and there are lower bounds to both the pressure
and temperature required for nanotube growth. Scanning
electron microscopy, Raman spectroscopy, photolumines-
cence spectroscopy and transport experiments all support
the assertion that at least under optimum conditions
many, if not all of these are individual, isolated SWNTs.
Excessive nanotube yield can reduce device yield, because
of tangling, and possibly parasitic growth effects. Consis-
tent yields of nanotubes and nanotube based devices are
possible using the methods described here, and some of
the future directions to increase FET device yields are
clear.
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