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A B S T R A C T   

Obtaining high-density horizontal single-walled carbon nanotube (SWNT) arrays is the key point of developing 
SWNT-based integrated circuits. However, some catalysts showing good control over SWNT structures possess 
relatively low activity to grow SWNT, which restricts the density of the grown arrays. Therefore, we developed a 
rational method to grow high-density SWNT arrays by iron (Fe)-assisted pre-cracking of carbon source in gas 
phase. A tiny amount of Fe, decomposed from ferrocene, was introduced into the chemical vapor deposition 
system with the gas flow without forming Fe nanoparticles on the substrates. The density of the SWNT arrays 
grown from Mo2C, WC and Cu catalysts can be significantly increased by 3–5 times with the help of Fe, reaching 
40, 35 and 24 tubes μm− 1, respectively. Through gas chromatography and Raman spectrum characterization, it is 
proved that carbon source decomposed more completely with Fe in the gas phase, which resulted in higher 
utilization efficiency of carbon source and better quality of the grown SWNTs. This pre-cracking approach is an 
effective way to improve the density of SWNT arrays with controlled structures.   

1. Introduction 

Single-walled carbon nanotubes (SWNTs) exhibit outstanding elec
trical properties because of their nanoscale sizes and special structures, 
which is regarded as one of the most promising materials to manufacture 
next-generation carbon-based integrated circuits [1,2] (ICs). However, 
high-density SWNT arrays with uniform structures is necessary to realize 
the high performance and good device-to-device homogeneity of 
SWNT-based ICs [3], which is still a challenge in SWNT synthesis. 
Traditional methods to obtain high-density SWNT arrays mainly include 
post-treatment methods and direct growth methods. Although SWNT 
arrays with very high density can be obtained through post-treatment 
methods, such as gold-film-assisted transfer [4] and the classic 
Langmuir-Blodgett method [5], their purity and alignment are both poor 
due to polymer impurities and carbon nanotube bundles formed during 
the treatment process, resulting in undesirable performance reduction of 
the SWNT-based devices. Directly growing SWNT arrays by chemical 
vapor deposition (CVD) can usually obtain samples with better align
ment, less defects and damage, compared with the approaches 
mentioned before. Typical methods include patterning catalysts stripe 

[6], multiple loading catalysts [7], multi-cycle growth [8], reactivation 
of catalysts [9] and Trojan catalyst methods [10]. However, catalysts 
used in these methods were commonly metal nanoparticles with high 
catalytic activities, leading to the growth of high-density SWNT arrays 
without structural control. Therefore, improving the growth efficiency 
of those catalysts which show good control over SWNT structures is an 
effective way to achieve good structural uniformity and high-density at 
the same time. 

Based on the understanding of SWNT growth mechanism [11,12], 
there are two important periods in the growth of SWNTs: the decom
position of carbon source with catalysts at high temperature and the 
assembly of SWNTs on the catalysts. Therefore, the growth efficiency of 
the SWNT is partly determined by the decomposition efficiency of car
bon source (η) and the rate of the carbon fragments assembling into 
SWNTs (ν), which greatly influence the obtained density (D) of the 
SWNT arrays. It can be described as:  

D ∝ η × ν.                                                                                           

Ethanol is a commonly used carbon source in CVD growth of SWNTs. 
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However, for many kinds of catalysts, their ability of decomposing 
ethanol is limited, especially for some carbide catalysts [13,14], which 
have been used to synthesize SWNTs with controlled structures [15]. 
The relatively low η is the key stumbling block restricting the density of 
SWNT arrays grown from these catalysts on substrates. Apart from this, 
the low η of these catalysts lead to the incompletely decomposition of 
ethanol, resulting in the formation of amorphous carbon [16], which 
heavily decreases the active lifetime of catalysts and the quality of 
SWNTs. 

Herein, we developed a rational approach to improve the SWNT 
growth efficiency by introducing Fe to assist the carbon source decom
position process in gas phase. A tiny amount of Fe, decomposed from 
ferrocene, was introduced into CVD system with gas flow. With the help 
of Fe, the activation energy for ethanol to decompose decreases, 
increasing the concentration of high-activity carbon species near the 
catalyst. As a result, the density of the SWNT arrays grown from Mo2C, 
WC and Cu catalysts can be significantly increased by 3–5 times, 
reaching 40, 35 and 24 tubes μm− 1, respectively. And a highest density 
of 80 tubes μm− 1 was obtained through this strategy. This pre-cracking 
method with the help of gas phase Fe is a promising approach to obtain 
high-density SWNT arrays with controlled structures in the future. 

2. Material and methods 

2.1. Synthesis of horizontal SWNT arrays on sapphire substrates 

In our experiments, the a-plane sapphire substrates (single-side 
polished, miscut angle <0.5o, surface roughness <5 Å) purchased from 
Hefei Kejing Materials Technology Co., China were used as substrates for 
growing SWNT. Before the growth process, the sapphire substrates were 
cleaned and annealed at 1100 ◦C in air for 8h for better crystallization. 
The catalyst precursor solution ((NH4)6Mo7O24•4H2O, (NH4) 
6W7O24•6H2O, Cu(NO3)2 0.05 mmol/L, 15 μL) was spin coated onto the 
substrate and the substrate was then placed at the center of a tube 
furnace in a 1-inch quartz tube (850 ◦C). After an oxidation process in 
air, the tube was purged with 300 sccm argon (Ar) for 5 min. H2 (0–300 
sccm) was then introduced into the tube for 5 min, followed by the 
introduction of carbon source (ethanol, which can release O species 
during the reaction to etch the amorphous carbon, lengthening the 
lifetime and alleviating the poisoning of catalysts to get a higher growth 
efficiency) for catalyst carbonization and SWNT growth. After growth 
for 15 min, the furnace was cooled to room temperature in an argon and 
hydrogen atmosphere. For Fe-assisted growth process, the Fe was 
introduced into the tube by Ar gas (50–100 sccm) flowing through the 
ethanol solution of ferrocene (0.5 μmol/L). 

2.2. Characterization of Fe content in reaction exhaust by inductive 
coupled plasma emission mass Spectrometer (ICP-MS) 

The sample was collected by pumping the reaction exhaust of the Fe- 
assisted growing system into a gas scrubber, and the content of Fe was 
detected by ICP-MS with high detection sensitivity after long time 
enrichment to prove that Fe indeed existed in gas phase by argon 
bubbling into the reaction system. The specific collection process is as 
follows: The tail pipe of the system was connected to a gas scrubber 
containing 300 mL HNO3 solution (6.5%). Before collecting the gas, the 
reaction tube was purged by argon gas, then the argon flow was adjusted 
to 200 sccm through the ethanol solution of ferrocene, and the gas flow 
was maintained for 12 h. The collection of exhaust and the character
ization of Fe content was conducted multiple times at different time 
points during the ventilation process, in order to obtain the relationship 
between the total amount of Fe carried into the CVD system and time. 
During the bubbling process, the Fe element carried into the exhaust gas 
was captured by HNO3 and stayed in the solution phase. Then the so
lution after bubbling was diluted four times before ICP-MS detection. 

2.3. General characterization 

X-ray photoelectron spectroscopy (XPS) were analyzed by AXIS 
Supra X-ray Photoelectron Spectrometer (Kratos Analytical Ltd.) with Al 
Kα (1486.6 eV) as the X-ray source. Scanning electron microscope (SEM) 
images were collected by Hitachi S4800 under 1.0 kV and 10 kV. Raman 
spectra were obtained on Jovin Yvon-Horiba LabRam systems with 
excitation laser: 532 nm. Atomic force microscope (AFM) images were 
obtained by Dimension Icon microscope (Bruker). Gas chromatography- 
Mass Spectrometer (GC-MS) tests were carried out using Shimadzu 
GCMS-TQ8050. 

2.4. Calculations of ethanol decomposition process with and without 
introduction of Fe 

DFT calculations were performed with the Vienna ab-initio simula
tion package (VASP) code (version 5.4.4) [17]. The Revised 
Perdew-Burke-Ernzenhof from Hammer et al. (RPBE) functional [18] 
within the generalized gradient approximation (GGA) regime was used 
to describe the electron exchange-correlation interaction. The 
core-valence electrons interactions were modeled with the projector 
augmented wave (PAW) method [19,20]. The Kohn-Sham equations 
were solved in a plane wave basis set with a kinetic energy cutoff of 400 
eV. The convergence criteria for the electronic self-consistent iteration 
and force were set to be 10-6 eV and 0.03 eV/ Å, respectively. The first 
Brillouin zone was sampled with a Γ-centered 1 × 1 × 1 Monkhorst-Pack 
k-point mesh. Transition states were located using the climbing image 
nudged elastic band (CI-NEB) method [21,22]. The convergence criteria 
for the electronic self-consistent iteration and force were set to be 10-6 
eV and 0.05 eV/ Å, respectively. 

3. Results and discussion 

A group of controlled experiments with or without the introduction 
of gas phase Fe were performed, as shown in Fig. 1a. Ferrocene (FeCp2) 
was used as Fe precursor because it can easily evaporate and decompose 
into Fe at high temperature. In order to limit the content of Fe in the gas 
phase to avoid the nanoparticle deposition on the substrate, an ultra-low 
concentration (0.5 μmol/L) of ferrocene was dissolved in ethanol and 
introduced into the system with Argon gas flowing through. We first 
used WC as catalyst to grow SWNTs. As expected, once added Fe into the 
system, the density of the horizontal SWNT array increased from 6 tubes 
μm− 1 to 35 tubes μm− 1, up by 5 times approximately. The SEM images of 
the arrays are shown in Fig. 1b and c. And the large-view SEM images at 
low magnification in Fig. S1 also show the homogeneity of the high- 
density SWNT arrays in large scale. With the introduction of Fe, a 
highest density of 80 tubes μm− 1 can be obtained from the AFM image 
inset Fig. 1c. This is the highest density that have been reported using 
WC as catalyst, indicating that Fe help to facilitate a more efficient use of 
WC catalyst nanoparticles. 

In order to verify the universality of this approach, we used Mo2C, 
another carbide as the catalyst to grow SWNT arrays. As illustrated in 
Fig. 2a–c, SEM and AFM were used to characterize the density of SWNT 
arrays. The results show that the density of SWNT arrays grown from 
Mo2C catalyst increased almost 3 times, from 12 tubes μm− 1 to 40 tubes 
μm− 1 with the introduction of Fe. On top of that, we also used copper 
(Cu), a metal catalyst with relatively low activity, to grow SWNTs, and 
the results are shown in Fig. 2d–f. The density of the grown SWNT arrays 
increased from 8 tubes μm− 1 to 24 tubes μm− 1, up by 2 times approxi
mately. Metal catalysts and carbide catalysts are two kinds of repre
sentative catalysts in the field of SWNT growth by CVD method. These 
results indicated that introducing Fe in gas phase is an effective strategy 
to improve the growth efficiency of SWNTs on other catalysts, thus 
increasing the density of the SWNT array. Besides, ST-cut quartz was 
also used as the substrate to load Cu catalysts and synthesize SWNT 
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arrays. The density of the grown SWNT arrays almost doubled after 
introducing Fe into the reaction system, as shown in Fig. S2, revealing 
the universality of this Fe-assisted strategy. 

In order to figure out the role of Fe in the growth process, a series of 
characterizations were performed. Using WC as catalysts, the reaction 
exhaust from the CVD system with the introduction of Fe was collected 
and pumped into a gas scrubber with HNO3 solution, and the content of 
Fe element was then detected by ICP-MS with high detection sensitivity. 
As illustrated in Fig. 3a, with the increase of collecting time, the con
centration of Fe element increased linearly, and the coefficient of 
determination is 0.95. Obviously, Fe existed in gas phase, which in
dicates that using Ar flow bubbling through the ethanol solution of 
ferrocene is an effective way to bring Fe into the gas phase with a stable 
rate. Meanwhile, the content of Fe on sapphire substrate after growth 
was measured by XPS. As shown in Fig. 3b, no Fe signal was detected on 
the sapphire surface, indicating scarcely any Fe deposition on the sub
strate. Therefore, when blank sapphire without any catalyst deposition 
was used as a substrate in Fe-assisted growth system, no SWNTs were 
found on the substrate (inset of Fig. 3b), which means that Fe cannot 
form nanoparticles on the substrate to grow SWNTs. This result is 
consistent with the XPS result [23]. 

GC-MS was then used to analyze the decomposition of carbon source 
under different conditions, as shown in Fig. S3. Exhaust gas was 

collected during the growth process when using pure ethanol without 
catalysts, ethanol solution of FeCp2 (0.5 μmol/L) without catalysts, pure 
ethanol with WC catalysts and ethanol solution of FeCp2 (0.5 μmol/L) 
with WC catalysts. Through separating and analyzing the component of 
the exhaust gas, Fig. 3c and d extracted the relative content of C2H4 and 
CH4 under the aforementioned four different conditions. The results 
show that introducing a small amount of Fe in gas phase led to much 
higher content of C2H4 and CH4, and the using of WC catalysts on sub
strates also brought about the increase of C2H4 and CH4, but lower than 
that with Fe only. It is worth noting that the content of Fe that intro
duced into the system was much less than WC, indicating a much higher 
ability of Fe to decompose ethanol. When WC catalysts and gas phase Fe 
were both introduced into the system, a highest decomposition effi
ciency can be expected, but the content of C2H4 and CH4 is lower than 
using WC catalysts only. This result demonstrates that more high- 
activity carbon species were transferred into SWNTs. Raman spectros
copy was used to analyze the quality of the SWNTs on the substrates. As 
shown in Fig. 3e and f, the intensity ratio of G/D mode (IG/ID) is 14 using 
WC catalyst only, but increasing to 4531 with gas phase Fe. The contrast 
demonstrates reduced formation of amorphous carbon and better 
quality of SWNTs on the substrates when introducing Fe into the system, 
indicating that gas-phase Fe facilitates a highly effective transformation 
of carbon source to SWNTs [24]. The images for RBM modes of Raman 

Fig. 1. The schematic of Fe-assisted pre-cracking of carbon source strategy to grow high density horizontal SWNT arrays. (a) The sketch map of controlled ex
periments which using Fe-assisted pre-cracking of carbon source strategy or not. (b) The SEM image of the SWNT array grown from WC without the introduction of 
Fe. (c) The SEM and AFM (inset) images of the SWNT array grown from WC with the introduction of Fe. (A colour version of this figure can be viewed online.) 

Fig. 2. The universality of Fe-assisted pre-cracking 
strategy to grow high density horizontal SWNT ar
rays. (a) The SEM image of the SWNT array grown 
from Mo2C without the introduction of Fe. (b–c) The 
SEM (b) and AFM images (c) of SWNT arrays grown 
from Mo2C with the introduction of Fe. (d) The SEM 
images of SWNT arrays grown from Cu without the 
introduction of Fe. (e–f) The SEM (e) and AFM images 
(f) of SWNT arrays grown from Cu with the intro
duction of Fe. (A colour version of this figure can be 
viewed online.)   
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spectra are demonstrated in Fig. S4. 
From the above results it can be deduced that the gas-phase Fe 

mainly plays a role in the process of carbon-source decomposition. As 
shown in Fig. 4a, with Fe nanoclusters in gas phase, a more sufficient 
decomposition of ethanol can be speculated because of the higher cat
alytic activity of Fe, and the decomposed carbon species can be mostly 
used to grow SWNTs without forming amorphous carbon and wrapping 
the catalyst nanoparticle. On the contrary, a less sufficient decomposi
tion of carbon source may cause the deposition of more amorphous 
carbon and poison the catalyst nanoparticle, resulting in lower growth 
efficiency of SWNTs. Therefore, the gas-phase Fe actually functions as a 
pre-cracking catalyst for carbon source, facilitating the SWNT growth on 
other catalysts. To further understand the mechanism of this pre- 
cracking methods, density functional theory (DFT) calculations of 
ethanol decomposition process were performed at 0 K to describe the 
reaction possibility. As shown in Fig. 4b and c, ethanol decomposed into 
C2 dimer through a series of reactions, the energy barrier of each reac
tion decreased significantly with the participation of gas-phase Fe. Thus, 
according to Arrhenius equation, in reaction temperature, the reaction 
rate of EtOH catalytic decomposition with Fe-assisted pre-cracking is 
much faster than the thermal decomposition. On the basis, the presence 
of Fe in gas phase decided the decomposition degree of EtOH and the 
concentration of high activity carbon species in the reaction system, 
which determines the density of SWNT arrays. 

The above calculation reveals that Fe contributes to the cracking of 
C–H bonds, so we can predict the effect of gas-phase Fe acting on 
different catalyst systems according to the catalysts’ ability of cracking 
C–H bonds. Therefore, besides Mo2C [13] and WC [14], another two 
metal catalysts, Fe [25] and Pd [26], with better ability of cracking C–H 
bonds were also used as catalysts to grow SWNTs. The growth results 
were shown in Fig. S5 and the ratios of densities with and without the 
introduction of Fe were illustrated in Fig. 4d, together with the activa
tion energy of cracking C–H bonds for the four different catalysts [13,14, 
25,26]. When Fe was introduced, Mo2C and WC grew SWNT arrays with 

higher densities. However, for Pd and Fe catalysts, the introduction of 
gas phase Fe decreased the density of SWNT arrays on the contrary. In 
EtOH molecular, the C–H bond has the highest bond energy and is the 
most difficult bond to be broken, the activation energy of C–H bond for 
different catalysts represents the ability of the catalyst to crack the 
carbon source. Therefore, it can be concluded that for catalysts showing 
relatively low ability to crack carbon sources, the introduction of 
gas-phase Fe can significantly increase the density of SWNT arrays. 
However, for catalysts with strong catalytic cracking ability, like Pd and 
Fe, the SWNT-array density decreases after the introduction of Fe, which 
may be due to the catalyst poisoning and deactivation caused by the 
deposition of excessively cracked carbon source. 

4. Conclusion 

In summary, we developed a Fe-assisted pre-cracking carbon source 
strategy to improve the activity of catalysts on substrates and grow high- 
density SWNT arrays. For catalysts with relatively low catalytic activity, 
with the help of Fe in gas phase, the carbon source can be decomposed 
more completely to supply more high-activity carbon species to catalysts 
on substrates, which decreases the deposition of amorphous carbon and 
increases the growth efficiency of SWNTs. Through this pre-cracking 
carbon source method, the density of SWNT arrays can be increased 
by 3–5 times. Specially, using WC as catalysts, the density of SWNTs 
array can be increased to a highest density of 80 tubes μm− 1. This work 
provides a new strategy to synthesize high-density horizontal SWNT 
arrays and can be used to improve the density of SWNT arrays with 
controlled structures, promoting the development of carbon nanotube 
based nanoelectronics. 
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