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CVD Growth of N-Doped Carbon Nanotubes on Silicon Substrates and Its Mechanism
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In the present study, we report the chemical vapor deposition (CVD) of nitrogen-doped (N-doped) aligned
carbon nanotubes on a silicon (Si) substrate using ferrocenesffgfCas catalyst and acetonitrile (GEN)

as the carbon source. The effect of experimental conditions such as temperature, gaseous environment, and
substrates on the structure and morphology of N-doped carbon nanotubes arrays is reported. From XPS and
EELS data, it was found that the nitrogen content of the nanotubes could be determined over a wide range,
from 1.9% to 12%, by adding the addition of hydrogemn)(kb the reaction system. It was also shown by

SEM that N-doped carbon nanotube arrays could be produced on Si ansliBsIrates at suitable temperatures,
although at different growth ratedlsing these concentrations, it was possible to produce three-dimensional
(3D) carbon nanotubes architectures on predetermined SifBiterns. The mechanism underlying the effect

of nitrogen containing carbon sources on nanotube formation was explored using X-ray photoelectron
spectroscopy (XPS).

Introduction nanotubes by pyrolyzing triazine, melamine, angh @ an
ammonia atmosphef&:1” The Rao group produced a high yield
of well-aligned CN nanotubes by carrying out pyrolysis of
pyridine over iron or cobalt nanoparticle catalys$t3° A further

Since their discoverycarbon nanotubes have been the subject
of considerable attention because of their remarkable electronic

and mechanical propertiés? Their peculiar electronic proper- - o .

ties, especially in field-emission, facilitate a wide range of aﬁc)proach_(\]/lvas tohuse aerosol-asfs;g;,-d dgclt\)/lmaosnmn of_dlmeth-
P : . : ! ylformamide in the presence o and MoQ composite

applications including scanning probe sensors, cold cathode ﬂatcatalyst, which produced highly nitrogen-dopeg20 at. %)

panel displays, as well as vacuum microelectroRicsMost ultiwalled carbon nanotubes. These multiwalled carbon nano
research on nanotubular carbon structures has focused on pur{an o R
Ubes exhibited excellent field emission performatfce.

carbon nanotubes. The electronic response of pure carbon o i .
nanotubes approaches that of metallic or semiconducting From these data, itis clear that controlling the concentration
materials and depends on helicity, morphology, number of ©f nitrogen atoms in carbon nanotubes is an excellent means of

layers, tube diameter, and defe#td? However, up to now, it modulating 'Fhe e_IectricaI propert_ies of the final carbon nano-
has not been possible to precisely control any of these tu_bes. Desplte this, good strategies for controlled N doping are
parameters during the growth process. This makes the electronictill not available.
performance of pure carbon nanotubes highly unpredictable. ~ For many applications, Si, SiOglass, and quartz substrates
An effective method of controlling electronic properties of have been used as substrates for carbon nanotube growth. Most
carbon nanotubes is described by introducing nitrogen (N) applications, however, require a fabrication method capable of
during the growth process. The additional electrons contributed producing aligned carbon nanotubes with uniform morphologies
by the nitrogen atoms provide electron carriers for the conduc- and periodic structures to meet specific device requirements.
tion band!! N-doped nanotubes were found to be either metallic ~ As a result of this, considerable progress has been made in
or narrow energy gap semiconducté#d? thus offering the the fabrication of 2D carbon nanotube architectures on different
possibility of greater electrical conductivity as compared to pure substrates and using different cataly®dt% Wei et al. demon-
carbon nanotubes. Clearly GManotubes of controlled com-  strated organized, well-aligned nanotube growth on preselected
position would prove extremely advantageous in the fabrication SiO, sites, normal to a Si/SiDpatterned template. No carbon
of materials with tailored electronic and mechanical properties. nanotube growth occurred on the Si domains of the tempfate.
On this basis, a theoretical consideration of possible models The mechanism by which nanotubes form on the,3iGx not
for C3N4 and CN tubules has been proposé8everal research  Si is still obscure. Jung et al., however, investigated the reason
groups have reported the synthesis of well-aligned N-doped for lack of growth on Si substrate by several high-resolution
carbon nanotubes using the CVD approach. Most of the techniques (HRTEM, selective area electron beam diffraction,
syntheses relied on catalytic pyrolysis of a range C/N sodces.  etc.)23 They demonstrated that catalytically inactive iron silicide
Terrones and co-workers generated well-aligned N-doped carbon(FeSp)/iron silicate (FeSiG) particles formed on the Si substrate
during high-temperature processing.
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materials. Quartz substrates, which had been patterned withji
aluminum film, have been used to fabricate 3D aligned carbon i
nanotube by pyrolysis of FeP¢Huang et al. also described a
method for controlled fabrication of 3D carbon nanotube
architecture on glass by stamp printing bimetallic—R/
polymer catalyst onto the substrdteUsing a multistep pro-

carbon nanotubes based on the pyrolysis of F€Pespite this
activity, there is still little definitive information on the role of
substrate and catalyst in nanotube formation. .
In the work reported here, controllable synthesis of large areas
of aligned CN nanotubes by pyrolyzing GJ&N/Fe(GHs), both |
on SiG, and Si substrates has been achieved over the temperg R B
ature range 756900 °C. As temperatures were increased, the Ty
specific diameters of carbon nanotubes decreased on Si subjEfes "10 im al
strates as compared to a well-documented increase with tem - —
perature on Si@ The reasons for this are most likely due to Figure 1. SEM micrographs of carbon nanotubes grown onSiO
different formation mechanisms of catalyst particles during the Substrate at (a) 75@, (b) 800°C, (c) 850°C, and (d) 900°C; insets
growth process. Most attention has been paid to nanotubes™ ¢ magnified SEM images.
grown on Si substrates, because of the rather rapid growth rategss
and good alignment obtained. The presence of N in the carbon
nanotubes (from CCN) was demonstrated using X-ray pho-
toelectron spectroscopy (XPS) and electron energy-loss spec
troscopy (EELS) confirmed. More importantly, control of N
content over the range from 1.9% to 12.2% was achieved by
adding H to the system during growth. By the use of
photolithography to produce patterned substrates, it proved eas
to effectively fabricate large areas 3D aligned carbon nanotube

the different behaviors of pure carbon sources as compared to =
CH:CN on Si substrates. Such data will lead to a better
understanding of growth mechanisms for 3D carbon nanotubes.

Experimental Section

A. Growth of Carbon Nanotubes. The substrates used were }
SiO; (SIO; thicknesstox = 100 nm) or Si(111) wafers. Before  Figure 2. SEM micrographs of carbon nanotubes grown on Si substrate
use, Si and Si@wafers were cleaned with acetone, ethanol, at (a) 750°C, (b) 800°C, (c) 850°C, and (d) 900°C; insets are
deionized water, and piranha solution,(®4:H,SO;, = 3:7). magnified SEM images.

Patterning of Si/Si@ substrates was effected by photolithog-
raphy followed by wet etching. The CVD growth system was
similar to that of Terrones et &€,which depended on a two- A. The Effect of Temperature on the Growth of Carbon

stage furnace fitted with high-resolution temperature controllers. Nanotube Arrays. In most cases, Fe@ls), decomposed and

A solution of 0.02 g/mL Fe(6Hs), in CHsCN was prepared.  formed small iron nanoparticles that acted as a catalyst for
In the preheating furnace, the temperature was raised to andcarbon nanotube formatid8.Temperature had a great effect
maintained at 230C with flow of nitrogen gas (B at 500 on the morphology and alignment of the carbon nanotubes. In
standard cubic centimeters per minute (sccm). When the our system, at temperature ranging from 750 to 900carbon
temperature in the reaction zone reached 850the solution nanotubes were formed both on $i@nd on Si substrates.

was fed continuously into the quartz reactor through a syringe  Figure 1 depicts SEM images for nanotubes grown on, SiO
pump at a feed rate of 8.00 mL/h for all runs. The reaction was with identical ferrocene concentrations but at different temper-
usually maintained for 15 min; that is, a total of 2.00 mL of atures. It can be seen that only at 88D could well-aligned
solution would be injected into the CVD system. The system carbon nanotubes with lengths reaching up t20be formed

was allowed to cool to room temperature while maintaining (Figure 1c). From insets of Figure ta&, which are magnified
nitrogen flow. images of the nanotubes, we can see that diameter tended to

B. Characterization of Carbon Nanotube Arrays. To increase with temperature, although there was a broad distribu-
characterize the structure and the composition of the carbontion of diameters.
nanotubes obtained, scanning electron microscopy (SEM, Because of the unsuitable interaction between iron nanopar-
XL30S-FEG, 15 kV), transmission electron microscopy (TEM, ticles and Si substrate (formation of FeSi or FeJjQt was
JEM200CX, 120 kV), EELS attached to a HRTEM (FEI Tecnai once considered to be almost impossible to synthesize carbon
F30 FEG, 300 kV), and Raman spectroscopy (Renishaw micro- nanotubes on Si substrates using ferrocene as a catafyst.
Raman 1000, 632.8 nm) were employed. XPS analysis wasHowever, using instead GEBN as the carbon source, it did
performed with an Axis Ultra spectrometer (Kratos, UK), using prove possible to grow aligned carbon nanotubes on Si over a
Mono Al K, (1486.71 eV) radiation at a power of 225 W (15 relatively wide temperature range (Figure 2). At 7&)(Figure
mA, 15 kV). To compensate for surface charge effects, binding 2a), aligned short~2 um) carbon nanotubes were obtained.
energies were calibrated using the Cls hydrocarbon peak atAt 800 °C (Figure 2b), well-aligned carbon nanotubes were
284.8 eV. obtained with average lengths of about4@. At 850°C, the

Results and Discussion
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Figure 3. (a) SEM micrographs of aligned CNTs grown at 88D with a flow rate of H = 100 sccm, (b) 300 sccm, and (c) 600 sccm.

a Cis b

CK

N-K

! M H,= 600sccm
b n e A Nt A A A
MM/‘\/ H,= 300sccn)
b At rnrn-
H,=100sccm
\Mw
H=0

SR

600 500 400 300 200 300 350 400 450 500 550 600
Binding Energy (eV) Energy loss (V)

Figure 4. (a) XPS spectra of the N-doped carbon nanotubes grown at@%@th a flow rate of H = 0, 100, 300, and 600 sccm. (b) EELS data
for the N-doped carbon nanotubes grown at 880without H, and with H = 600 sccm.
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length of the tubes increased to more tharu@® (Figure 2c). To get a more precise value for N content, EELs attached to
At 900 °C, nanotube alignment was lost and only a small a HRTEM was used. Figure 4b (the upper one) corresponds to
number of nanotubes were formed, with amorphous carbon- a typical EELs spectrum of CNTs grown withoub,Hvhich
aceous deposits on tube surfaces (Figure 2d). exhibited the characteristic K-shell ionization edges for C and
Tube diameter was also determined by temperature. As shownN at~286.3 and~400.0 eV, respectively. The sharp 286.3 eV
in the insets of Figure 2&ac, tube diameter decreased with the peak is due to transitions from the 1s core level tosthéand,
temperature increase. At 78@, the diameter of the tubes was and the band starting at 293.7 eV is assigned to transitions to
about 50 nm, while at 856C tube diameters were reduced to the p-orbits merging with part of the broad band??:2° The
about 20 nm. This is contrary to results reported by other carbon K-edge spectrum revealed the characterétfeature,
workers especially using SiOas substraté’, in which tube from the sp hybridization of carbori! Likewise, the well-
diameter usually increased with the elevation of temperature. definedsz* adsorption feature for the N K-edge corresponds to
This may indicate that the formation mechanism of catalyst the sg bonding of N in hexagonal nitrogen/carbon conformation.
particles is quite different when Si is used as substrate. From the quantification of the two edges, it was estimated that
B. Controlled Growth of Carbon Nanotube Arrays with N content in the nanotubes was about 12%. However, for
Different Nitrogen Content. The gaseous environment has been nanotubes grown with 600 sccrmpHhere was no N charac-
shown to be a key parameter that influences CVD growths,NH teristic K-shell ionization edge, which suggests that the N
for example, has been added to reaction systems to producedontent was too low to detect (the lower one in Figure 4b).
N-doped carbon nanotub&s?8In our current studies, we have The mechanism by which H controls N content can be
also introduced Kl to fine-tune the N contain of carbon interpreted as indicated in ref 32. At high temperaturess CN
nanotubes. During the growth process, 100, 300, or 600 sccmand CHe free radicals are produced as active fragments during
H, was put through the reaction system accompanied by thethe formation of N-doped carbon nanotubes. During the reaction,
same feeding rate of the mixture solution. Figure-8ahows added H is likely to generate HCN: K+ CNe = HCN +He,
SEM micrographs of carbon nanotubes grown on Si substratesbecause HCN is more stable and less reactive thagC8HN
at 850°C with 100, 300, and 600 sccmpyHespectively. These  the gas phase. HCN would diffuse out of the reaction zone,
images indicate the tubes were still aligned well; the apparent thus restricting the availability of N for doping into the
difference in their lengths is due to the variation of tilt angle at nanotubes.
SEM imaging. N content was demonstrated by XPS analysis C. Fabrication of 3D N-Doped Carbon Nanotubes Pro-
(Figure 4a). All spectra show the C1s, N1s, and O1s signals, cedure and Architecture of Product. The finalized procedure
corresponding to the main peaks centered at 284.8, 401.1, andor producing 3D carbon nanotubes is outlined in Figure 5. The
531.4 eV, respectively. The strong C peak that is assigned to aSiO, substrate layeit{x = 100 nm) was prepared and patterned
a* feature associated with 3fybridized carbon indicates that by conventional photolithography. Subsequent etching was
the major component is carbon. The O peak mainly arises from performed using hydrofluoric acid. 3D carbon nanotubes were
the oxygen absorbed on the surface of carbon nanotubes andhen produced by pyrolysis of GBN and Fe(GHs), solution
the substrate on which carbon nanotubes were grown. Surfaceat 850°C for 15 min with a feeding rate of 8.00 mL/h. Figure
defects would also contribute to the O peak. The ratio of carbon 6a is a typical SEM image of a large area of carbon nanotubes.
to nitrogen was estimated from the ratio of the integrated areasAt higher magnification (Figure 6b), carbon nanotubes can be
beneath the C1s and N1s signal. It can be clearly seen that theseen as straight and densely packed. This arrangement was
N content in the tubes decreased gradually with increasing H affected by the patterned substrate. At small pattern sizes,
flow rate. At a flow rate of 600 sccm, the N content in the aligned or flowerlike carbon nanotube architectures could be
nanotubes was reduced tdl.90%. formed (Figure 6c¢,d). In terms of length, under the same
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Figure 8. XPS spectra of the Si 2p region on the substrate after
scraping off carbon nanotubes (a) using hexane as carbon resource and
SiO, as substrate, (b) using hexane as carbon resource and Si as
substrate, and (c) using GEN as carbon resource and Si as substrate.

used as catalyst for all cases. Prior to XPS analysis, the tubes
have been scratched away from the substrates (there were no
tubes grown on 1), and the samples were then transferred into
the analysis chamber at room temperature.

The Fe2p and Si2p core lines of sample | acquired at room

Figure 6. Typical SEM micrographs of 3D architectures resulting from PR .
different shapes and sizes of Si patterns: (a) square arrays and (b)temperature are shown in Figures 7a and 8a, respectively. The

magnified image of (a). (c) The Great Wall-ike arrays and (d) 2P Peak, shown in Figure 8a, shows only a main component
flowerlike arrays. The backgrouds are all short well-aligned carbon at 103.3 eV, corresponding to silicon dioxide. No other forms
nanotubes grown on SO of silicon were detected. On the other hand, the position of the
Fe 2pzline (711.1 eV) in Figure 7a revealed that almost all of
conditions of reaction time and temperature, carbon nanotubesthe Fe had been oxidized, because of the high reactivity of iron
grown on Si were much longer than those grown on;SiO nanoparticles. No other form of Fe was detected on the substrate.
D. Growth Mechanism of N-Doped Carbon Nanotubes on This indicated that iron nanoparticles, formed by decomposition
Si Substrate: Effect of Carbon Source.In an effort to of Fe(GHs)2, did not react with the Sigsubstrate and acted as
elucidate the growth mechanism of N-doped carbon nanotubesthe catalyst for carbon nanotube growth.
on Si substrate, XPS was used to characterize the substrates As for sample Il, the Si2p doublet, shown in Figure 8b, shows
after the growth process. Three sample types were investi-a component at 99.3 eV corresponding to pure Si and an oxide
gated: (I) SiQ substrate after growth of carbon nanotubes using component. The oxide peak is probably due to the existence of
hexane as carbon resource; (ll) Si substrate after growth ofa native SiQ layer. The position of the Fe 2pline, centered
nanotubes using hexane as carbon source; and (Ill) Si substratat 711.1 eV, is similar to that of sample | (Figure 7b). However,
after growth using acetonitrile as carbon source. Rd§j; was the appearance of a strong Fe;2pn the low binding energy
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