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ABSTRACT 
Single-walled carbon nanotube (SWCNT) transparent conducting films (TCFs) are attracting increasing attention due to their exceptional 
optoelectronic properties. Toluene is a proposed carbon source for SWCNT synthesis, but the growth parameters of SWCNTs and 
their TCF optoelectronic performance (i.e., sheet resistance versus transmittance) have been insufficiently evaluated. Here, we have 
for the first time reported a systematic study of the fabrication of high-performance SWCNT TCFs using toluene alone as the carbon 
source. The mechanisms behind each observed phenomenon were elucidated using optical and microscopy techniques. By 
optimizing the growth parameters, high yields of SWCNT TCFs exhibiting a considerably low sheet resistance of 57 Ω/sq at 90% 
transmittance were obtained. This competitive optoelectronic performance is mainly attributable to long SWCNT bundles (mean 
length is 41.4 μm) in the film. Additionally, a chirality map determined by electron diffraction displays a bimodal distribution of chiral 
angles divided at 15°, which is close to both armchair and zigzag edges. Our study paved the way towards scaled-up production of 
SWCNTs for the fabrication of high-performance TCFs for industrial applications. 
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1 Introduction 
Transparent conducting films (TCFs) composed of single-walled 
carbon nanotubes (SWCNTs) have outstanding electrical and 
optical properties, and consequently have high potential for 
various applications, such as thin-film transistors [1], solar 
cells [2], organic light-emitting diodes (OLEDs) [3] and strain 
sensors [4]. They are candidate materials for replacing indium tin 
oxide (ITO) films [5]. To simply evaluate the optoelectronic 
performance of a TCF, the sheet resistance and film transmittance 
(T) at 550 nm are required. The sheet resistance and tran-
smittance of a SWCNT TCF are affected by nanotube diameter 
[6], length [7] and crystallinity [8], as well as the diameter of 
the SWCNT bundle [9], film morphology [10], the amount of 
catalyst particles in the film [8] and the purity of semiconducting 
SWCNTs (s-SWCNTs) [11]. The optoelectronic performance of 
pristine SWCNT TCFs does not usually meet the requirements 
of practical device applications, which require a low sheet 
resistance combined with high transparency. Chemical doping 
of TCFs is therefore often used to decrease the sheet resistances 
of pristine films [12]. Systematic investigation of the growth 
parameters of the resulting SWCNTs is then required in order 
to optimize their morphological features and optoelectronic 
properties. 

Ethanol (C2H6O) [10] has often been employed as the carbon 
source in producing SWCNTs, since this results in relatively 
high yield and a competitive TCF performance compared with 
using either carbon monoxide (CO) [6] or ethylene (C2H4)  
[13] as the carbon source. However, further improvements in  

SWCNT yields and in the optoelectronic performance of TCFs 
are required for large-scale applications. To balance the trade-off 
between yield and performance, alternative active carbon sources 
should be explored. Toluene (C7H8) has been utilized as the 
carbon source for the synthesis of SWCNTs in an enhanced 
direct injection pyrolytic synthesis (e-DIPs) method [14] and 
to produce CNTs for spinning fibers [15]. Both processes are 
characterized by a high yield of nanotubes. More recently, using 
toluene and ethylene as a hybrid carbon source, Jiang et al. 
fabricated SWCNT TCFs with a record low sheet resistance 
of 25 Ω/sq at 90% T [16]. The results indicate that toluene 
may have high potential as a carbon source for the synthesis 
of SWCNTs at high yields and with an excellent thin film 
performance. The use of a hybrid carbon source in the 
aforementioned reports [14, 16], however, makes it impossible 
to explore the effects of each carbon source individually. Unlike 
ethanol, the aromatic compound toluene does not contain any 
oxygen, which rules out the effect of oxygen on the growth of 
SWCNTs and is advantageous for mechanistic studies of their 
chirality distribution. Comprehensive investigations of the 
effects of growth parameters on the morphology and structure 
of the SWCNTs synthesized from toluene alone are, however, 
lacking. Evaluation of the sheet resistance versus transmittance 
of SWCNT TCFs produced with toluene is of particular interest. 

In this work, toluene alone was hence selected as the carbon 
source for the synthesis of SWCNTs for TCF fabrications. The 
effects of selected growth parameters (i.e., the catalyst and 
promoter concentrations, flow rate of the carrier gas, synthesis 
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temperature, and feeding rate of the precursors) on the opto-
electronic performance of SWCNT TCFs were systematically 
studied, and corresponding mechanism was explored by optical 
and electron microscopic characterizations of the SWCNTs. 
Two dopants, nitric acid (HNO3) and gold chloride (AuCl3), 
were selected to compare the doping level. In addition, the 
chiral structure of the SWCNTs was statistically studied by the 
electron diffraction technique. 

2 Experimental section 

2.1 Materials 

Ferrocene (98%) and thiophene (≥ 99%) were purchased from 
Sigma-Aldrich and toluene (99.7%) was offered by Alfa Aesar. 
Gold chloride (≥ 99.99% trace metals basis) and acetonitrile 
(99.8%) were from Sigma-Aldrich. AGA in Finland provided 
H2 (99.999%) and N2 which was vaporized from liquid nitrogen 
and purified by an OT3-4 oxygen/moisture trap from Agilent. 
Membrane filters with a pore size of 0.45 μm were ordered 
from Merck Millipore, France. All the chemicals were used 
as-received.  

2.2 Synthesis of SWCNTs 

First, an appropriate amount (2 wt.%–3 wt.%) of ferrocene and 
a small volume of thiophene (molar ratio of Fe/S in the range 
of 1.5–3) were dissolved in 5 mL of toluene in a vial. The solution 
was then sonicated for 1 min and loaded into a 10 mL glass 
syringe with a Teflon plunger tip (Innovative Labor Systeme, 
Germany) prior to being injected (0.8–1.6 μL/min) with a syringe 
pump (NE-1000 series, New Era Pump Systems, USA). The 
injected solution was evaporated in a heating line at 130 °C 
(enabled by a heating cord and a benchtop thermocouple 
controller from BriskHeat, USA), and the vaporized precursors 
were carried by a mixture of H2 (40–70 standard cubic centimeters 
per minute, sccm) and N2 (300–500 sccm). The schematics of 
the floating catalyst chemical vapor deposition (FCCVD) system 
have been reported elsewhere [17]. The values for each growth 
parameter investigated are listed in Table 1. As-synthesized 
SWCNTs were collected at the outlet of the furnace onto a 13 mm 
membrane filter to form a thin film which can be press- 
transferred to a target substrate for characterizations. The 
transmittance of the SWCNT film was controlled by collection 
time. 

2.3 Optical spectroscopy characterizations 

A UV-Vis-NIR spectrometer (Agilent Cary 5000) was utilized for 
optical absorption measurements. Absorption and transmittance 
spectra were acquired from the films transferred onto quartz 
slides. The baseline was corrected before each measurement 
by placing one blank substrate in the reference beam path and 
another in the sample beam path. Raman spectra were recorded 
with a Raman spectrometer (Horiba Jobin-Yvon Labram HR 800) 

equipped with excitation wavelengths of 488, 633 and 785 nm. 
Every Raman spectrum presented was averaged from three 
spectra detected by each laser. The distance between each two 
locations was intentionally set to be longer than the mean bundle 
length of SWCNTs to avoid repeated detection of same tube. 

2.4 Electron microscopy characterizations 

The film morphology and bundle length of SWCNTs were 
characterized with a Zeiss Sigma VP scanning electron 
microscope (SEM) operated at an acceleration voltage of 1 kV 
using an Inlens electron detector. To observe film morphology, 
a SWCNT film on a membrane filter was press-transferred onto 
SiO2/Si substrate and densified by ethanol. SEM micrographs 
of isolated SWCNT bundles on the SiO2/Si substrate were 
collected for length measurements using ImageJ. For transmission 
electron microscope (TEM) observation, SWCNTs were directly 
deposited onto a lacey carbon-coated TEM grid. A JEOL 2200FS 
Double Cs-corrected TEM was employed for high-resolution 
imaging at 200 kV and acquiring the electron diffraction patterns 
of the SWCNTs at 80 kV. 

2.5 Measurement of sheet resistances and doping of 

SWCNT films 

The description of the four point probe system for sheet resistance 
measurement can be found elsewhere [10]. Each sheet resistance 
data point is the average of three measurement values from 
different parts of the SWCNT film. For HNO3 doping, con-
centrated HNO3 (65 wt.%, Sigma-Aldrich) was drop-casted 
onto SWCNT films on a polyethylene terephthalate (PET) 
substrate. The films were washed with deionized water 1 min 
later and dried by compressed air flow prior to measurement. 
For AuCl3 doping, 50 μL of 16 mM fresh AuCl3 solution (with 
acetonitrile as the solvent) was dropped onto SWCNT films 
on a PET substrate. One minute later, the films were washed 
with pure acetonitrile then dried by compressed air before sheet 
resistance measurements were taken. All the doping processes 
were carried out under ambient conditions in fume hood. HNO3 
was selected as a dopant during the optimization period since 
this allowed SWCNT films to be doped at a constant dopant 
concentration. Sheet resistance values obtained after HNO3 
and AuCl3 doping were compared. 

3 Results and discussion 

3.1 Optimization of precursor solution 

The ingredients of the precursor solution were optimized based 
on evaluations of the optoelectronic performance of the SWCNT 
films. The fitted curves of sheet resistance versus transmittance 
show that the optimal concentration of ferrocene is 2 wt.% 
(Fig. 1(a)) and the optimized Fe/S ratio is 2.5 (Fig. 1(b)). A higher 
ferrocene concentration results in the presence of more catalyst 
nanoparticles in the deposited film. The nanoparticles absorb  

Table 1 Focal parameters investigated for their effects on SWCNT synthesis, and values for each of the other five growth parameters 

Parameter investigated Ferrocene (wt.%) Thiophene (Fe/S) Temperature (°C) H2 (sccm or vol.%) N2 (sccm) Feeding rate (μL/min)
Ferrocene —a 2.5 1,120 60 or 13% 400 1 
Thiophene 2 —a 1,120 60 400 1 

Temperature 2 2.5 —a 60 400 1 
H2 2 2.5 1,100 —a 400 1 
N2 2 2.5 1,100 40 —a 1 

Feeding rate 2 2.5 1,100 40 or 9% 400 —a 
a— means that the parameter value can be found in the corresponding figure in the results and discussion part. Ferrocene and thiophene were studied in 
Fig. 1, temperature in Fig. 3, H2 and N2 in Fig. 2, feeding rate in Fig. 4. 
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more light and have a lower charge transport ability than 
SWCNTs. Large-diameters SWCNTs are expected with an 
increased ferrocene concentration (Fig. 1(c)), since SWCNT 
diameter is typically proportional to the size of the catalyst 
nanoparticle on which the SWCNT nucleates [18, 19]. It is 
generally acknowledged that using an appropriate amount of 
sulfur in CNT synthesis can increase the yield [20], nanotube 
diameter [21], and even nanotube length [22], by accelerating 
tube nucleation and by reducing carbon encapsulation of catalyst 
particles [23]. Nevertheless, an excess of sulfur could induce 
deactivation of the catalyst due to the encapsulation of small 
nanoparticles with a thick layer of sulfur [8]. This leads to a 
non-optimal ratio of carbon to active catalyst for SWCNT 
growth for the fabrication of highly conductive SWCNT films. 
The low characteristic peaks of the first (S11) and second (S22) 
interband transitions of s-SWCNTs indicate an abundant 
background of the optical absorption spectrum with the highest 
sulfur concentration (lowest Fe/S molar ratio, Fig. 1(d)), implying 
inferior purity of the SWCNTs in the film sample. As has been 
reported in Refs. [8, 21, 24, 25], we also found that the mean 
diameter of SWCNTs increases with the concentration of 
thiophene. It has been proposed that the active surface area 
available for nanotube cap formation can be expanded via 
exposing more sulfur [24], which accounts for the growth of large 
diameter SWCNTs when an increased sulfur concentration is 
used. The aforementioned deactivation of some small catalyst 
nanoparticles at a high sulfur concentration could also reduce 
the formation of small-diameter tubes, resulting in the enrichment 
in large-diameter nanotubes. 

3.2 Effects of H2 and N2 on SWCNT yield and diameter 

In SWCNT synthesis from hydrocarbons, H2 is typically utilized 
as the carrier medium together with an inert gas (N2 or Ar). 
H2 alone as the carrier gas for SWCNT synthesis has been 
reported as well [14, 16]. The introduction of H2 into a CVD 
reaction system generates a reducing atmosphere which inhibits 
the formation of carbon soot and facilitates the decomposition 
of the hydrocarbon precursor via hydrogen abstraction [19]. 
Theoretical calculations show that H2 enhances the desorption 

of hydrocarbons from the catalyst surface, resulting in a decrease 
in surface coverage and in the effective carbon supply rate [26]. 
We have observed that a H2 flow rate of 40 sccm promotes the 
growth of high-quality SWCNTs suitable for the application 
of TCFs with an outstanding optoelectronic performance  
(Fig. 2(a)). The intensity ratio of the graphitic (G, ~ 1,600 cm−1) 
and disorder-induced (e.g., catalyst particles, amorphous carbon, 
D, ~ 1,350 cm−1) bands, IG/ID, in a Raman spectrum has been 
utilized for a semi-quantitative analysis of the quality of SWCNTs. 
As can be seen from the IG/ID ratios in Figs. S1(d)–S1(f) in the 
Electronic Supplementary Material (ESM), the quality of the 
SWCNTs first deteriorates then improves with an increasing 
of H2 flow rate. This phenomenon can be explained by the 
formation of amorphous carbon via enhanced decomposition of 
toluene at a medium H2 concentration and by the gasification 
of amorphous carbon by hydrogen etching at a high H2 con-
centration [27, 28]. Notably, the yield of carbon deposit decreases 
with increasing H2 flow (Fig. 2(c) and Fig. S2 in the ESM), which 
also occurs in our ethanol system [10, 17]. Ma et al. [27] suggested 
that an excess of hydrogen induced fast decomposition of the 
hydrocarbons (ortho-xylene and acetylene were chosen as a 
hybrid carbon source), resulting in the accumulation of carbon 
byproducts on the catalyst surface and slowing down the nanotube 
growth process. The suppression of the deposition of amorphous 
carbon at high H2 flow rates could also reduce the yield [29]. 
The effect of H2 on nanotube growth is relatively complicated, 
as it is influenced by experimental conditions (particularly 
carbon precursor and corresponding chemical reactions) and 
hence varies from system to system. In this work, H2 was 
found to mainly affect the nanotube yield. A more systematic 
study would be helpful for exploring the roles of hydrogen in 
the nanotube synthesis process.  

As for N2, 400 sccm was found to be the optimum flow rate 
in terms of low sheet resistance of SWCNT films (Fig. 2(b)). 
Based on the absorption spectra, the mean diameter of SWCNTs 
shrinks when N2 flow increases (Fig. 2(d)), which is consistent 
with earlier results reported by Barreiro et al. [30]. This change in 
the mean diameter of SWCNTs can be attributed to size variation 
in the catalyst particles. A higher flow rate of N2 leads to a shorter  

 
Figure 1 Optimization of the ingredients of the precursor solution by evaluating the optoelectronic performance of SWCNT films. (a) Effect of ferrocene 
concentration. (b) Effect of thiophene concentration. (c) and (d) are optical absorption spectra. The sharp peaks at ~ 2,720 nm are ascribed to ambient 
absorption of H2O. 
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residence time (can be found in the ESM) of aerosol particles 
in the hot zone, which decelerates the aggregation of particles, 
leading to the formation of smaller-sized catalyst particles [30]. 
The abundance of smaller-sized particles, in turn, promotes 
the growth of SWCNTs with narrower diameters at higher N2 
flow rates. 

3.3 Effect of synthesis temperature on SWCNT quality 

We found that a reactor temperature of 1,100 °C produces 
high-quality SWCNTs for the fabrication of thin films with 
low sheet resistances, and hence high optoelectronic performance 
(Fig. 3(a)). It should be noted that the doping factor of SWCNT 
films decreases with increasing temperature (Fig. 3(d)). There 
are two potential explanations for the observed doping trend. 
One possibility is that there are more s-SWCNTs in the sample 

collected at lower temperature, leading to a larger doping factor. 
To confirm this idea, the optical absorption spectra of SWCNT 
films produced at different temperatures were compared  
(Fig. 3(b)). Moreover, the peak areas of S22 and the first interband 
transition of metallic SWCNTs (M11) were integrated to calculate 
the purity of s-SWCNTs after background subtraction [31]. 
Unexpectedly, the proportion of s-SWCNTs in the sample 
collected at the lowest temperature, 1,060 °C, was the lowest 
(Fig. S3(a) in the ESM), although the value was only 5% lower 
than that for the highest purity sample. Thus, factors other 
than temperature also influence the doping result. 

Then, we focused on the differences in the quality and 
diameters of SWCNTs, as observed with a Raman spectrometer 
and TEM. The frequency of the radial breathing mode (RBM) 
peak is inversely proportional to the diameter of a SWCNT. It 

 
Figure 2 Effect of carrier gas. (a) and (b) are H2 and N2 effects on the optoelectronic performance of SWCNT films, respectively. (c) The dependence of 
deposit yield on H2 flow rate. The yield refers to absorbance and was calculated following the Beer-Lambert law. The transmittances (i.e., absorbance) after 
30 min were obtained from the fitted values (Fig. S2 in the ESM). (d) Absorption spectra. 

 
Figure 3 Effect of temperature. (a) Optoelectronic performance of SWCNT films. (b) Absorption spectra. (c) RBM peaks excited using 633 nm laser. 
(d) Temperature dependent doping factor (Rpristine/Rdoped) calculated at 90% T and IG/ID ratio obtained with 633 nm laser. (e) and (f) are TEM micrographs 
of SWCNTs collected at 1,060 and 1,120 oC, respectively. 
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turned out that more narrow-diameter SWCNTs were produced 
at the lowest synthesis temperature of 1,060 °C than at high 
temperatures (Fig. 3(c), and Figs. S3(b) and S3(c) in the ESM). 
Narrow-diameter SWCNTs have wide bandgaps and their 
Fermi levels can be significantly shifted towards the valence 
band by HNO3, contributing to a large observed doping factor. 
The IG/ID ratio increased from 17.5 to 42.7 with a temperature 
increase from 1,060 to 1,120 °C (Fig. 3(d) and Fig. S3(e) in the 
ESM). Raman spectra of SWCNTs obtained with other excitation 
energies illustrate the same trend (Figs. S3(d)–S3(f) in the ESM). 
The charge transport ability of a SWCNT network with an 
inferior quality at 1,060 °C can be greatly enhanced by HNO3, 
which is a strong p-type dopant, via decreasing the Schottky 
barrier between metallic and semiconducting nanotube contact 
junctions [11], shifting the Fermi level towards the valence 
band [32], densifying the film [33], and especially removing 
some catalyst particles by chemical dissolving [34]. 

To visually verify the quality of SWCNTs collected at different 
temperatures, the SWCNTs synthesized at 1,060 and 1,120 °C 
were sampled and checked by TEM. TEM observation confirmed 
that the SWCNTs grown at 1,060 °C were of lower quality, 
presenting abundant amorphous carbon coated on the surface 
of nanotubes (Fig. 3(e) and Figs. S4(b)–S4(d) in the ESM) and 
catalyst nanoparticles in the film (Fig. S4(a) in the ESM). The 
SWCNTs produced at 1,120 °C had, in contrast, a higher degree 
of crystallinity (Fig. 3(f) and Figs. S4(f)–S4(h) in the ESM) 
and fewer catalyst particles in the film (Fig. S4(e) in the ESM). 
The removal of more catalyst particles from the film collected 
at 1,060 °C and the modification of nanotube surface resulting 
from HNO3 treatment therefore induced more delocalized 
charge carriers and a larger doping factor. Based on the narrow 
diameters and inferior quality of the SWCNTs synthesized  
at 1,060 °C, we tend to believe the origin is inadequate 
decomposition of toluene at a low temperature. Temperature is 
a dominant determinant of the thermal decomposition of the 
carbon source in the synthesis of CNTs. Reynaud et al. [8] also 
observed excessive soot contamination in the CNT network 
collected at 1,000 °C, a temperature that is insufficient for the 
decomposition of toluene to provide enough carbon radicals for 
optimal SWCNTs growth. In addition, more catalyst particles 
might attach to the quartz tube wall at higher temperatures, 
though the specific mechanism behind this is unclear for the 

moment. Thus, a higher synthesis temperature promotes the 
growth of SWCNTs with higher quality. In all, the parameter 
window explored here is relatively narrow since we mainly 
focused on improving film conductivity in this work. 

3.4 Effect of feeding rate on SWCNT bundle diameter 

We have previously studied the effect of feeding rate on the 
optoelectronic performance of SWCNT films using ethanol as 
the carbon source, and found that a lower precursor feeding 
rate of precursors produces straight SWCNTs with narrower 
bundles [10]. Herein, where toluene was chosen as a new carbon 
source for SWCNT synthesis for the fabrication of TCFs, the 
feeding rate of the precursors should be also optimized to 
accommodate the other growth parameters. 

As expected, lower feeding rates of precursors generate 
narrower SWCNT bundles, which is also verified by TEM 
observations of the bundles (Figs. 4(a) and 4(d)). The lower 
feeding rate of 0.8 μL/min produces SWCNTs with a mean 
bundle diameter of 6.4 nm (Fig. 4(b)), which reaches 8.8 nm 
at a higher feeding rate of 1.6 μL/min (Fig. 4(e)). Direct 
measurements of the electrical transport of nanotube bundles 
have shown that the charge carriers mainly transport at the 
bundle surface and that interior nanotubes only contribute 
to optical absorption [35, 36]. Correspondingly, a SWCNT 
film composed of narrow bundles should exhibit superior 
optoelectronic performance. This prediction is supported by 
some experimental observations [9, 17, 37]. Nevertheless, we 
noticed here that both the pristine and doped sheet resistance 
values of SWCNT films collected at 0.8 μL/min were higher 
than those of films collected at 1.6 μL/min (Fig. 4(f)), which 
contrasts with our expectation based on the abovementioned 
reports. Therefore, we would like to propose that the relative 
concentrations of byproducts decomposed from toluene may 
have some impact on the quality of SWCNTs [19], and that this 
ultimately affects the optoelectronic performance of SWCNT 
films. We have previously reported that the feeding rate must be 
optimally balanced with a suitable carrier gas flow rate [10]. 

To examine the quality of SWCNTs collected at different 
feeding rates, Raman characterization was performed. The Raman 
results demonstrate that the quality of SWCNTs synthesized at 
the low feeding rate of 0.8 μL/min is always inferior to that 
of SWCNTs collected at a higher feeding rate of 1.6 μL/min 

 
Figure 4 Effect of feeding rate. (a) and (d) are TEM micrographs of SWCNT bundles synthesized at feeding rates of 0.8 and 1.6 μL/min, respectively. (b) 
and (e) are histogram distributions of the diameters of SWCNT bundles. The insert values represent the mean diameter ± standard deviation. (c) and (f) 
are the feeding rate dependent IG/ID ratio and optoelectronic performance of SWCNT films, respectively. 
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(Fig. 4(c), and Figs. S5(d) and S5(e) in the ESM). Therefore, based 
on our previous experiments [10], we suggest that the flow 
rate of carrier gas (here both N2 and H2) should be slightly 
decreased to match with the low feeding rate of precursors for 
the synthesis of high-quality SWCNTs. As mentioned above, 
factors like the concentrations and residence times of gas phase 
radicals and particles could be influenced by the flow rates of 
H2 and N2. Additionally, as seen from the RBM peaks in Raman 
spectra (Figs. S5(a)–S5(c) in the ESM), more narrower-diameter 
SWCNTs were produced at lower feeding rates, which could be 
triggered by the existence of more smaller-size catalyst particles 
and fewer carbon radicals needed for nanotube growth, because 
of their reduced concentrations. Hence, it is inadvisable to claim 
that nanotube bundle diameter, nanotube quality, diameter 
or length alone contribute most to the conductivity (or sheet 
resistance) of a SWCNT film. A systematic experimental 
investigation of growth parameters assisted by big data analysis, 
like machine learning [38, 39], might effectively locate truly 
optimal conditions for producing SWCNTs for the fabrication 
of TCFs with an optoelectronic performance approaching or 
even outperforming that of ITO film. 

3.5 Measurement of SWCNT length 

SWCNT length is another critical factor affecting the sheet 
resistance of TCFs. SWCNTs with a sub-monolayer density were 
deposited onto a silicon substrate to gather SEM micrographs 
for length measurement (Fig. 5(a)). The mean length of SWCNT 
bundles was 41.4 μm (thus the growth rate was estimated to be 
ca. 7.3 μm/s) with a standard deviation of 21.5 μm (Fig. 5(b)). 
The growth of long SWCNTs may relate to their fast growth 
speeds enabled by instant carbon feeding from toluene. 
Compared with the lengths of SWCNTs grown from carbon 
monoxide [6], ethylene [13] or ethanol [10] as the carbon 
source, we suggest that toluene, as a more active hydrocarbon, 
could provide enough carbon atoms for nanotube growth 
prior to the deactivation of the catalyst. The lengths of 
SWCNTs synthesized from carbon monoxide are, for instance, 
typically shorter than 10 μm [6, 7, 9, 37], owing to the slow 
decomposition of carbon monoxide, which results in an 
inadequate feeding rate of carbon atoms for nanotube growth. 
Contact junctions tend to augment network resistance. SWCNT 
networks comprising long SWCNTs have a reduced number of 
contact junctions resulting in low sheet resistance, and are for 
this reason preferred in TCF applications. A SEM micrograph 
of a representative SWCNT film surface morphology is displayed 
in Fig. S6 in the ESM, presenting long, straight and narrowly 
bundled nanotubes. 

3.6 Dopant effect and comparison of performance and 

yield with reported data 

As was mentioned earlier, the as-prepared SWCNT TCFs must 

be doped to enhance their optoelectronic performance for 
application purposes. At the optimization stage, all the 
abovementioned SWCNT films were doped with HNO3 (65 wt.%) 
throughout the parameter optimization stage. To compare the 
doping levels of the two dopants, a 16 mM fresh AuCl3 solution 
(with acetonitrile as the solvent) was utilized. In order to identify 
the source of the difference in doping ability, the pristine and 
doped films were carefully analyzed by Raman spectroscopy. 
The suppression of RBM peaks observed both for metallic 
SWCNTs and s-SWCNTs, especially at high frequencies, implies 
the doping of narrow diameter s-SWCNTs [7] (Fig. 6(a)). 
Furthermore, the blue shift (to a high frequency) of the G band 
(Fig. 6(b)) reveals that both HNO3 and AuCl3 are p-type dopants 
which accept electrons from SWCNTs, initiating a shift in the 
Fermi level towards the valence band, thus enhancing the 
conductivity of the SWCNT film [32, 40]. The larger shift in 
the G band observed in this work suggests AuCl3 to be the stronger 
dopant. Then, the dopant effect was studied by doping the films 
collected at optimized conditions. After HNO3 doping, the 
sheet resistance of SWCNT film at 90% T decreases to ca. 66 Ω/sq 
from a pristine value of ca. 143 Ω/sq (Fig. 6(c)). However, 
through AuCl3 treatment, the pristine value was reduced to ca. 
57 Ω/sq, which is one of the lowest sheet resistances recorded 
(at 90% T) for SWCNT TCFs [13, 16, 41, 42]. Previously reported 
SWCNT TCFs fabricated by the dry method [6, 10, 13, 16, 41–43] 
were selected for comparison with the TCFs in this work  
(Fig. 6(c)). Specific morphological features of the reported 
SWCNTs, the adopted dopant and the optoelectronic performance 
of the SWCNT TCFs are summarized in Table S1 in the ESM. 
Jiang et al. [16] reported that achieving an optoelectronic 
performance challenging that of ITO film would require the 
production of long and isolated SWCNTs with near-ohmic 
contact junctions among nanotubes. However, in practice, near- 
ohmic contact junctions are hard to achieve in as-deposited 
SWCNT films fabricated by direct synthesis method. Nanotube 
junctions could, perhaps, be welded together to facilitate electron 
transport through post-treatment like Joule heating [44]. The 
SWCNT TCF yield deposited on the filter in this work was also 
compared with the previously reported values [6, 10, 13, 16] 
(Fig. 6(d)). We achieved a high yield (7.5 times higher than 
that of SWCNTs synthesized from ethylene [13] with a com-
parable sheet resistance value) and excellent optoelectronic 
performance simultaneously (Fig. 6(d)), as is required for the 
large-scale applications of SWCNT TCFs. 

3.7 Chiral structures of SWCNTs synthesized from 

toluene 

As well as the optoelectronic performance of SWCNT TCFs, 
the chiralities of the SWCNTs are of interest, since a new carbon 
source was used for their production. Barnard et al. [19] released 
the first ever chirality map of SWCNTs synthesized from toluene,  

 
Figure 5 Study of SWCNT length. (a) SEM micrograph of isolated SWCNT bundles. (b) Histogram distribution of lengths of SWCNT bundles. Growth 
parameters: 2 wt.% ferrocene, Fe/S = 2.5, 1,100 °C, 40 sccm H2, 400 sccm N2, 1 μL/min. 
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based on the electron diffraction technique. A clearer chirality 
map of SWCNTs based on toluene would be useful to verify 
the initially reported one using a different CVD reaction system. 
Here, we gathered the electron diffraction patterns (Figs. S7(b) 
and S7(c) in the ESM) of 180 clean and isolated SWCNTs and 
analyzed these to depict the chirality map shown in Fig. 7(a). 
The chiral angles are clustered close to both armchair and zigzag 
edges, displaying a bimodal distribution divided roughly by 
the chiral angle of 15° (Fig. 7(c)). The results are consistent 
with those analyzed from the chirality map reported by 
Barnard et al. [19]. Recently, Artyukhov et al. [45] proposed 
a continuum model which combines free energy at the 
catalyst–nanotube interface and the growth barrier of a nanotube 
grown on solid catalyst to understand the selectivity of a chiral 
index. At a given diameter, 

( ) ( ) ( ) ~ e xA x N x R x x -=  

where A is the abundance of a chiral index, N and R are the 
probability and growth rate of a chiral type, respectively, x is 
the angular deviation from the achiral direction: x equals the 
chiral angle θ for the near zigzag type, and equals 30° − θ 
when close to the armchair type. A bimodal distribution of chiral 
angles close to both the armchair and zigzag types (see Fig. 1(f) 
in Ref. [45]) was then generated following this function. The 
calculated bimodal distribution nicely matches our experimental 
results on the chirality distribution (Fig. 7(a)). The free-energy 
barriers that must be overcome for the addition of new 
hexagons are considered to be lower for armchair tubes than 
for zigzag tubes [45], accounting for the observed enrichment 
(67.8%) of near-armchair tubes. On the other hand, the interface 

 
Figure 6 Dopant effect and comparison of performance and yield. (a) RBM peaks. (b) G bands. Laser wavelength is 633 nm. The insert in (b) is the enlarged
part of G bands to clearly show the blue shift of G band after doping. (c) Comparison of the optoelectronic performance of SWCNT TCFs. (d) Illustration of

the trade-off between yield and performance. Specific yield was calculated following the formula of 
2collection area of SWCNT film (cm ) 

.collection time for 90% T film (h) total flow (slm)´

 
Figure 7 Study of SWCNT chiralities. (a) Chirality map determined by the electron diffraction technique. (b) and (c) are diameter and chiral angle 
distributions, respectively. Growth parameters: 2 wt.% ferrocene, Fe/S=2.5, 1,100 °C, 40 sccm H2, 400 sccm N2, 1 μL/min. 
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energy between near-zigzag nanotubes and the catalyst surface 
might be reduced via a possible solid-to-liquid phase transition 
of the catalyst [46], when the synthesis temperature is 1,100 °C, 
promoting the nucleation and growth of near-zigzag tubes. 
Thus, a bimodal distribution of SWCNT chiral angles is 
presented. In addition, the chirality distribution shown here 
suggests that the prevalence of near-armchair SWCNTs, when 
these are synthesized from ethanol, can be ascribed to etching 
by the decomposed oxygen-containing group. The fact that the 
purity of s-SWCNTs based on toluene is only 65.6%, which is 
more than 10% lower than the percentage when based on ethanol, 
could also support the etching statement. The extraction of 
diameters from chiral indexs also indicates a large mean diameter 
of SWCNTs (ca. 2.23 nm, Fig. 7(b)). This mean diameter matches 
the fitted mean diameter (ca. 2.32 nm) from the absorption 
spectrum (Fig. S8 in the ESM). Large diameter SWCNTs benefit 
the conductivity of SWCNT TCFs, since numerous charge 
carriers can be generated by their narrow bandgaps [47]. The 
chirality map presented here can serve as a reference for the 
SWCNTs synthesized from toluene regardless of the diversity 
of CVD systems. 

4 Conclusion 
In summary, we have systematically investigated the growth 
parameters for SWCNT synthesis with toluene as the carbon 
source and their effects on the optoelectronic performance 
of SWCNT TCFs. We found that the diameters and quality 
of SWCNTs can be influenced by ferrocene and thiophene 
concentrations, the flow rate of the carrier gas, reactor temperature, 
and the feeding rate of precursors. The diameters of SWCNT 
bundles are predominantly determined by the feeding rate of 
the precursors. Additionally, the mean length and diameter 
of SWCNTs are 41.4 μm and 2.3 nm, respectively. AuCl3 was 
observed to be a stronger dopant. The sheet resistance of 
SWCNT TCF decreases to ca. 57 Ω/sq, through AuCl3 treatment, 
from a pristine value of ca. 143 Ω/sq at 90% transmittance. 
The chiral angles of SWCNTs synthesized from toluene were 
found to present a bimodal distribution. Rapid fabrication of 
SWCNT films with quite low sheet resistances laid a solid 
foundation for future industrial application of SWCNT TCFs 
in flexible and transparent conductors. 
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