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ABSTRACT

Single Walled carbon nanotubes (SWNTs) were grown directly on flat substrates using chemical vapor deposition (CVD) method with carbon
monoxide and hydrogen mixture as feeding gas. Comparing with other CVD methods, this new approach yields higher efficiency and more
reproducible results in obtaining high quality SWNTs separated as individual nanotubes on substrates. Such samples can be used to fabricate
nanodevices directly with no further purification or dispersion. Important factors that affect the nanotube growth and possible mechanisms
are also discussed.

Since their discovery, single-walled carbon nanotubes furnace | furnace 2
(SWNTSs) have been heavily studied owing to their outstand-
ing physical and chemical propertiesThey are widely T,=500°C Ty 200%C }—»

considered as ideal candidates for interconnections and active
components in nanoscale electronic devices. Recent research
has demonstrated SWNT-based nanodevices, such as quan-
| -

tum wires? field-effect transistor$;® field emittersS etc.

Until recently, most of the SWNT-based devices used
materials synthesized by either the laser ablation méthod Figure 1. Schematic setup of the two-furnace CVD system.
or the arc metho8@where the as-grown samples have to be
purified and suspended in solvent before deposition on
surfaces for device fabrication. The processes of purification

and suspending nanotubes in solvent involve the use of highly q ; | of th h giti h Hori
oxidative chemicals and ultrasonication that are known to "¢ €aSIer coqtro of the growth conditions, thus offering
more reproducible results.

create defects on nanotubes and alter their electronic proper- ! .
In our experiments, the catalysts are monodispersed Fe/

ties. For nanoscale electronics, defect-free SWNTs on ) )
‘Mo nanoparticles (4.2 nm) prepared according to reference

surfaces are especially desirable. An alternative and suc 3 Th ticl be dissolved i | vent
cessful way to fabricate nanotube devices is to use nanotubes1 - 1Ne hanoparticles can be diSSolved In nonpolar Sovents
such as hexane. They were deposited on the substrate by

grown directly on surfaces to avoid the undesired purification | i f th luti Th bstrat th

steps. However, up to now, surface growth of SWNTSs has slow elvzp_ora_lont gomef Sollé on. ¢ € subs rtie was then

been limited to chemical vapor decomposition (CVD) of anneaed In airat fL Tor 15 min 10 remove the organic
coating on the particles formed during their preparation

methane on metal nanoparticl r n sur . s
ethane on metal nanoparticles supported on surfaces stepst® Si/SiO, substrates were purchased from MEMC

Th th diti itical for th ti f : . ) . .
© growth conditions are critica’ for fhe preparation o Electronic Materials with 500 nm SiOlayer. Alumina

nanotubes with high purity and efficiency. Here we report . . ;
an improved CVD method for the growth of SWNTs on (sapphire A plane) and magnesium oxide substrates (Super-
conductive Components, Inc.) were also used. To grow

surfaces using monodispersed Fe/Mo nanoparticles as the )
catalyst and a mixture of carbon monoxide (CO) and hanotubes, we used a two-fumnace setup (Figure 1). The

substrates were loaded into the second furnace. Before the
. - - — growth, H, was introduced from both inlets at 400 sccm
TSgg:rstﬁ%nnc:'g?gﬁgﬁ{s'ts'.ma" address: jllu@duke.edu. (standard cubic centimeter per minute) while the furnaces
* Department of Physics. were heated to the required temperatdie=t 500°C, T, =

hydrogen (H) as feed gas. In contrast to CVD of meth&ng,
this method allows higher efficiency for nanotube growth
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Figure 2. |-V characterization of an individual nanotube con-
nected between two Au electrodes at liquid nitrogen temperature.
Inset: Gate dependence of conductance as 100 mV bias voltage.

900°C). The H from inlet 1 was then switched to CO while  Figure 3. AFM images of SWNTs grown on Si/SiGurfaces at
flow rate of the H from inlet 2 was adjusted accordingly. different hydrogen concentrations. (a) pure CO, (b) 20%n-CO,
In all experiments discussed here, the total flow rate is fixed (€) 50% Hin CO, and (d) 80% blin CO. All images are 16« 10
at 1200 sccm and the reaction time is 15 min. After growth, pm.
CO was replaced by Hand the system was cooled to room
temperature. The same procedure was followed for SWNTs SWNT samples. Without the pretreatment, the entire sub-
growth on ALOs; and MgO substrates. The samples were strate surface was covered by nanosized particles, making
characterized by AFM (Digital Instruments Nanoscope llla) the sample unusable. We believe these particles are caused
and SEM (FEI Company XL-FEG/SFEG), showing the by the decomposition and catalytic effect of an iron penta-
characteristics of SWNTSs as observed by our group and othercarbonyl (Fe(CQ) impurity presented in commercial CO.
groups® 1! In addition, individual nanotubes grown on A strong evidence to support our conclusion is that the quartz
surfaces were connected to Au electrodes using standardube in the first furnace turns gray/black after each experi-
e-beam lithography. To prepare the sample for electrical ment due to deposition of iron and carbon, while the quartz
characterization of individual nanotubes, substrates with well- tube in the second furnace is clean. This observation may
separated nanotubes were first coated with PMMA. Standardexplain why there is no previous report of the surface growth
e-beam lithography was used to create parallel electrodeof SWNTs using CO as feed gas, although growth of SWNTs
patterns on surfaces. After removing exposed PMMA, Au in bulk using CO CVD has been well studied.
metal was evaporated on exposed surfaces to connect The second important factor we have found is the effect
nanotubes. AFM was used to ensure only one nanotube waf hydrogen. Figure 3 shows typical results with different
connecting the electrodes before measurements. Figure M, concentration in the feed gas. All substrates were prepared
shows a typical result of the electrical measurements on anto have same density of Fe/Mo nanoparticles before SWNT
individual nanotube performed with the sample immersed growth. Using pure CO as feed gas, the yield of SWNT was
in liquid nitrogen. The +V curve at zero gate voltage extremely low: there were almost no nanotubes on the
demonstrates resistance in the 100 kOhm range, which dropsubstrates (Figure 3A). When 20% Was added, the amount
by about 50% at higher source-drain voltages. The insetof SWNTs was greatly increased (Figure 3B). The highest
shows the nanotube conductance measured at a 100 mV biagjield of SWNTs was achieved when the concentration of
as a function of the gate voltage. The conductance drops byH, was between 35% and 65% (Figure 3C). As the
several orders of magnitude at the pinch-off voltage of about concentration was increased above this range, SWNT growth
+2V (dI/dV measurements performed by a lock-in amplifier was gradually suppressed (Figure 3D). The SifSirface
at a 10 mV excitation level demonstrate a very similar was very clean with no amorphous carbon deposition under
behavior). These observations are consistent with a p-typeall H, concentrations. Unlike methane CVD, which requires
semiconducting nanotube doped by adsorbed moleéfiles. precise control of experimental conditions such as the growth
As an added proof that the nanotubes grown here aretemperature, composition of feed gas, and type of promoter
SWNTSs, samples grown on powdered catalysts under similarused in the experimelitto grow clean SWNTSs on surfaces,
conditions were proven to be high quality SWNTs using the growth conditions using the new method can be satisfied
TEM and Raman spectrograpHy. over a broad range of temperature and feed gas compositions.
We have found that the thermal pretreatment of CO at Satisfactory growth yield can be achieved when the reaction
500 °C in a separated furnace was crucial to obtain clean temperature is between 800 and 9 and for hydrogen
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Figure 4. AFM images of SWNTs grown on AD; and MgO
surfaces at different hydrogen concentrations. (a) pure CO DAl
substrate, (b) 40% Hin CO on ALO; substrate, (¢) pure CO on
MgO substrate, and (d) 40%,Hn CO on MgO substrate. All
images are 5 5 um.

is introduced into the system, the reaction rate for the
formation of carbon is increased. Previous studies on the
impact of addition of H on the SWNTSs yield in gas-phase
synthesis of SWNT$ have shown an optimal concentration
of 25% H; for the highest yield. In addition, several groups
have reported enhanced yield of solid carbon product with
addition of H, to CO"~20 Such an enhancement in carbon
production can be interpreted in two ways. First carbon
deposition can be accelerated directly through hydrogenation
of CO (reaction 2). Second, it is also reported that adsorbed
H, on the catalyst surfaces catalyzes the disproportionation
of CO (reaction 1}8 Our observation does not allow us to
rule out any one of the mechanisms. It is possible that both
mechanisms are in effect. Taking such acceleration in carbon
deposition into account, it is feasible to explain the observed
higher yield of nanotubes with CO and hhixture as caused

by the increased carbon deposition rate on the surface of
the catalysts.

In conclusion, we present a new CVD method to grow
SWNTs on surfaces with high efficiency using CO and
hydrogen mixture as feed gas. The formation of SWNTSs is
greatly enhanced by addition of hydrogen. The highest yield
can be achieved within a large window of Ebncentration
and temperature, so the results are easily reproducible. The
SWNTs grown by this method have the advantage that they
contain fewer defects than the samples prepared by deposi-

concentration ranging from 20% to 80%. To focus the effect tion of bulk SyntheSized SWNTSs since there is no ultrasonic

on feed gas, we have fixed all our growth temperatures at agitation or pUriﬁca.tion involved. For researchers who are
900 °C. interested in exploiting the unique electronic properties of

In addition, this new method has much higher growth SWNTS, this new method represents a more reproducible
efficiency in terms of the ratio of the number of SWNTs and efficient way to prepare well separated individual

grown to the number of the Fe/Mo nanoparticles on the
surface. Under the optimal conditions, the ratio is about 1:10
to 1:15, which is much higher than the result from the similar
procedure using methane as feeding §as.

Such H effect was also present when other substrates were

used. As shown in Figure 4, on alumina and magnesium
oxide substrates, when pure CO was used, the yield of
SWNTs is extremely low. With addition of hydrogen, the
yield is improved significantly. However, substrate still plays
an important role in determining the relative yield of
nanotubes. Among the three substrates, S¥Siws the
highest yield of SWNTs and alumina the lowest. More work
is being done to understand the substrate effect.

To understand the effect of hydrogen, we have to focus

on the chemical reactions that happen in our system. On the

surface of the catalyst nanoparticles, two chemical reactions
are responsible for carbon deposition:

2CO=C+ CO, 1)

CO+H,=C+H,0 )

When pure CO is used, the Boudouard reaction 1 is the only
reaction for the production of carbon. Previous studies for
bulk growth on both supported catalfpsind catalysts formed

in gas phasé have shown that CO disproportionation is the
rate-limiting step in the synthesis process. After hydrogen
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SWNTSs on substrates directly.
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