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nanotubes for transparent conductive film applications

Saeed Ahmad, Er-Xiong Ding, Qiang Zhang®, Hua Jiang, Jani Sainio, Mohammad Tavakkoli,
Ageel Hussain, Yongping Liao and Esko I. Kauppinen”

Department of Applied Physics, Aalto University School of Science, P.O. Box 15100, FI-00076

Aalto, Finland.
Abstract

Sulfur is an effective promoter for growing single-walled carbon nanotubes (SWCNTSs)
and tuning their structural properties. In particular, sulfur has been utilized in the floating-catalyst
chemical vapor deposition (FC-CVD) process to fabricate SWCNT-based transparent conductive
films (TCFs). However, in-situ catalyst nucleation process in conventional FC-CVD, hinders to
correlate the substantial role of sulfur in tuning SWCNTs synthesis and enhancing the performance
of SWCNT-based TCFs. Herein, we have for the first time, systematically studied the roles of
sulfur on yield, morphology, and structure of SWCNTSs grown by FC-CVD, using ex-sifu Fe and
Co catalyst particles. We found that SWCNT vyield is largely dependent on the amount of sulfur
introduced into the FC-CVD reactor and on catalyst composition. More importantly, the addition
of an optimized amount of sulfur resulted in a three-fold enhancement of the opto-electronic
performance of SWCNT-TCFs, by increasing diameter and bundle length along with improving

the quality of SWCNTSs. Surprisingly, electron diffraction analysis revealed that SWCNTSs grown
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from both Fe and Co display wide chirality distributions spanning from zig-zag to armchair edges,

indicating that the sulfur promoter has little influence on the chirality modulating of SWCNTs.
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Floating-catalyst, single-walled carbon nanotubes, growth promoter, electron diffraction.

1. Introduction

Transparent conducting films (TCFs) are critical components for many modern
optoelectronic devices [1,2]. In general, the core materials for TCFs applications must have high
electrical conductivity and optical transmittance. Indium tin oxide (ITO) has excellent opto-
electronic properties and is the most widely used TCF material. However, the brittle nature [3] and
limited supply [2] of ITO limit its potential for application in next generation flexible electronics.
Single-walled carbon nanotube (SWCNT) films, with a low refractive index [4], excellent
mechanical flexibility, low haze [5] and optical transparency [6], are one of the most promising
materials for the replacement of ITO as TCFs in future flexible electronics. However, SWCNT-
TCFs have lower conductivity than commercial ITO. Therefore, substantial recent efforts [6—8]

have been devoted to improving the performance of SWCNT-TCFs.

To date, two main types of process, solution-based purifications [4,5] or direct gas-phase
production [6,7], have been used for SWCNT-TCF fabrication. The direct gas-phase production
method is more straightforward and better preserves the inherent properties of SWCNTSs than
solution-based purification, in which SWCNTs are needed to disperse in solution. Specifically, the
floating-catalyst chemical vapor deposition (FC-CVD) technique, a continuous, scaleable, single-

step method, has been extensively employed to produce high performance SWCNT-TCFs [7,8].



Sulfur is one of the most important growth promoter in SWCNT synthesis by FC-CVD for
fabricating SWCNT-TCFs [8—11]. However, the concrete impacts of sulfur addition on the yield,
morphology and structure of SWCNTs, and on the performance of the SWCNT-based films,
remain ambiguous. Since, in most of the cases without sulfur, no information about SWCNT yield,
morphology, structure and also the performance of the SWCNTs based films has been provided.
In some cases, however, it has been reported that SWCNTs are not formed at all without sulfur
[9]. Moreover, in all the reported works, the sulfur source has been added simultaneously with the
catalyst precursor to the FC-CVD reactor [8—12], which makes it complicated to investigate the
independent role of sulfur addition. Because in the presence of catalyst-precursor pyrolysis, sulfur
can affect catalyst formation at the nucleation stage resulting in changes to their composition and
morphology. On the other hand, in supported-CVD methods with sulfur as a promoter, the chiral
structure and metallic to semiconducting ratio of SWCNTs have been found highly dependent on
catalyst composition [13,14]. To gain a more profound understanding of the role of sulfur as a
promoter, it is necessary to be able to control sulfur addition during SWCNT synthesis by FC-

CVD.

In this work, we have systematically investigated the roles of sulfur on various growth
profiles (i.e. yield, diameter, bundle length and chirality) of SWCNTs, which influence the
performance of SWCNT-TCFs. To be able to avoid above mentioned in-situ growth constraints,
we have decoupled catalyst particle formation from the SWCNT growth process. Catalyst particles
were pre-produced in an ex-situ spark discharge generator (SDG) through physical evaporation of
the electrode’s material [15]. The catalyst particles, along with ethylene, were then introduced into
the FC-CVD reactor for SWCNT synthesis. A certain amount of H,S was added as a growth

promoter to the FC-CVD reactor to tune SWCNT growth. H,S served as a sulfur source to make



synthesis process well-controlled and purely in gas-phase. To explore the effect of catalyst
composition on sulfur-assisted FC-CVD, two different catalysts (Fe and Co) were utilized. We
found that SWCNT yield is highly dependent on sulfur concentration and catalyst composition.
We also demonstrated that, for both catalysts, an appropriate amount of sulfur can increase bundle
length, SWCNT diameter and quality, and thus significantly enhance the performance of SWCNT-
TCFs. Furthermore, comprehensive electron diffraction analyses of Fe-SWCNTs and Co-
SWCNTs revealed that sulfur has no significant effect on the chirality distributions of SWCNTSs
produced by FC-CVD. This differs from early reports on the supported-CVD growth process
[13,14]. Our work provides new insights into the fundamental mechanisms behind the sulfur-
assisted FC-CVD growth of SWCNTs, and thus opens up new prospects for structure-controlled
growth of SWCNTs and for their future applications as TCFs in modern nanoscale device

technology.

2. Experimental section

2.1 Synthesis of catalyst particles

Catalyst particles were synthesized inside a rod-to-tube type spark discharge generator
(SDG) [15]. Briefly, highly pure Fe (99.8%) or Co (99.95%) rod and tube electrodes were used as
a source of catalyst particles to produce Fe-SWCNT and Co-SWCNT samples. Materials from the
electrodes were evaporated by applying a high voltage on the order of a few (2-3) kV across the
electrode gap in the presence of carrier gas (N, 99.995%). Catalyst particles were synthesized
through the evaporation-nucleation-condensation process and they were carried from the SDG to

the FC-CVD reactor by N».



2.2 Synthesis of SWCNT's

SWCNTs were synthesized in a vertical FC-CVD reactor using spark-produced Fe and Co
catalyst particles with ethylene (99.999%, AGA) as the carbon source [16]. A schematic of the
FC-CVD reactor is provided in the supporting information (Fig. S1). SWCNTs were synthesized
using 0.1 sccm (200 ppm) ethylene and 80 sccm H; (99.999%, AGA) at a set furnace temperature
of 1050 °C. Diluted H,S (0.01vol. % H,S in N,, 99.999%, AGA) in the flow range of 0-50 sccm
(corresponding to 0-10 ppm H,S concentration) was employed as a source of sulfur. Catalyst
particles were introduced into the FC-CVD reactor by 420-370 sccm N, flow from the SDG. The
flow of N, from the SDG containing the catalyst particles and that of 0.01% diluted H,S were
adjusted to keep total flow (500 sccm) and residence time constant. At the outlet of the FC-CVD
reactor, as-grown SWCNTs were collected on an MF-Millipore membrane filter (13mm diameter
Merck Millipore; France) in the form of a thin film for their optical characterization. The films
were directly transferred onto transparent quartz slides by the dry press-transfer technique [7]. For
electron microscopy, SWCNTs were deposited directly onto a TEM copper grid, or onto a Si/SiO,
substrate via the thermophoresis deposition method [17]. SWCNT thin films were doped by a
drop-casting technique using a 16 mM solution of AuCl; (99.99%, Sigma-Aldrich) in acetonitrile
(C,H3N) [18]. After doping, films were washed with pure C,H;N and dried with N, before the

measurement of sheet resistances.

2.3. Characterizations

2.3.1 Measurement of catalyst and CNT number concentration in gas-phase

Before feeding catalyst particles into the FC-CVD reactor, their number concentration (NC)
and size were measured with a differential mobility analyzer (DMA) (SMPS+FCE, the GRIMM

Aerosol Technic GmbH, Germany). To eliminate the effect of catalyst particles size and NC on



SWCNTs, we fixed their average size to ~3.5 nm with a total NC of ~4.3x10¢ cm-3. The effect of

H,S concentration on the NC of SWCNTSs in gas-phase was monitored by DMA.

2.3.2 Optical characterizations and yield calculation

For optical characterizations of SWCNTSs, UV-Vis-NIR and Raman spectroscopy techniques
were employed. Optical absorption spectra (OAS) of SWCNTs in the wavelength range of 200-
2500 nm and transmittance (%) (at 550 nm wavelength) were measured using a UV-Vis-NIR
spectrometer (Agilent Carry 5000; Agilent Technologies, Inc.). A Raman spectrometer (Horiba
Labram-HR 800; Horiba Jobin-Yvon) was used to acquire Raman spectra of SWCNTSs by three

different excitation lasers (488, 514 & 633 nm).

The SWCNT yield was calculated based on the transmittance of the as-produced film. For a
fixed time and collection area, film thickness-depends on SWCNT yield. Film thickness is related
to transmittance by the Beer—Lambert law, L «— [nT (where, L is film thickness and T is
transmittance). Therefore, we can utilize the optical transmittance of the film to obtain the
normalized yield of SWCNTs. The yield was quantified by collecting samples on a membrane

filter (13 mm diameter) with different H,S concentrations for a fixed time (3 hrs).

2.3.3 Electron microscopy characterizations

The bundle lengths of SWCNTSs produced under different synthesis conditions were
compared by scanning electron microscopy (Zeiss Sigma VP; Carl Zeiss GmbH, Germany). The
catalyst particle size, and the bundle diameter distributions and electron diffraction (ED) of
SWCNTs were measured using a double aberration-corrected high-resolution transmission

electron microscope (HR-TEM) (JEOL-2200FS; JEOL Ltd., Japan).



2.3.4 X-ray photoelectron spectroscopy of SWCNT films

Elemental analysis of sulfur-assisted SWCNT films was carried out by using a Kratos Axis
Ultra spectrometer with monochromated Al K,-radiation, a pass energy of 40 eV, X-ray power of

225 W and an analysis area of approximately 700 pm x 300 pum.

2.3.5 Sheet resistances of SWCNT films

Sheet resistances of SWCNT-TCFs were measured using a Jandel 4-point probe (Jandel
Engineering Ltd; UK) combined with a multi-meter (HP/Hewlett Packard 3485A). SWCNT films
with varying thickness were analyzed to allow comparisons of sheet resistance at different values
of transmittance (%). Transmittance (%) versus sheet resistance values of the SWCNT films were

nonlinearly fitted by fitting-method described elsewhere [7].

3. Results and discussions

Firstly, the growth process without adding H,S was kinetically optimized to produce
SWCNTs. By kinetically optimized we mean the more suitable growth conditions including
temperature of the FC-CVD reactor, number concentration of catalyst particles, amount of carbon
source and flow rate of different gases in the FC-CVD reactor to acquire minimum sheet resistance
of SWCNT-TCFs with 90% transmittance (@ 550 nm wavelength). For both Co and Fe catalysts,
the highest conductivity of pristine SWCNT films was obtained with the synthesis parameters of
80 scem H; and 0.1 scem C,Hy (200 ppm). Then 0 to 10 ppm H,S was added into the FC-CVD
reactor, and the effect of H,S on SWCNT growth was systematically studied (Fig. 1 and 2). For
all the experiments, the total number concentration and mobility diameters of catalyst particles
were fixed to ~4.3x106 cm™ and ~3.5 nm, respectively (Fig. S2). We found SWCNT yield to be

highly sensitive to sulfur concentration. With an increase in the amount of H,S, SWCNT yield first



increased and then started to decrease. The yield was quantified from the transmittance of as-
produced SWCNT films. For different H,S concentrations the normalized yield was calculated
relative to the yield at 0 ppm H,S (Fig. 1a). Adding an appropriate amount of sulfur resulted in a
2.5-fold increase in SWCNT yield. The optimum H,S concentration that was required to obtain
this maximum yield was different for Fe and Co catalysts, i.e., 1 ppm for Fe- and 2 ppm for Co-
SWCNTs. This indicates that the influence of sulfur on SWCNT growth is also dependent on
catalyst composition. The addition of more H,S above these concentrations resulted in declining
yields, meaning that excess H,S acts to suppress the yield. Therefore, excessive amount of H,S
has negative effects on growth of SWCNTSs as has been observed in the earlier studies [19]. For

example, 10 ppm H,S resulted in a yield that was only ~15% of that with 0 ppm H,S.
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Fig. 1. a) Normalized yield obtained from optical transmittance data with Fe and Co as the
catalyst. b) Total number concentration of Fe- and Co-SWCNTs monitored by DMA. c) Variation
in the sheet conductance of pristine Fe-SWCNTs and Co-SWCNT films (at 90% transmittance for
550 nm wavelength) with increasing H,S concentration (0-10 ppm). Maximum sheet conductance

was observed at 5 and 8 ppm H,S for Fe-SWCNTs and Co-SWCNTs, respectively.



The total NC of SWCNTs as a function of H,S concentration (Fig. 1b and S3) followed a similar
trend to that in yields. Total NC increased by ~37% with 1 ppm of H,S for Fe catalysts, and by
~34% with 2 ppm H,S for Co catalysts, relative to NC values at 0 ppm H,S. However, further
addition of H,S resulted in declining total NC values. With 10 ppm H,S, there was a ~90%
reduction in total NC for both Fe and Co catalysts, compared to values obtained without H,S. This

suggests that the sulfur addition tunes the proportion of active catalyst particles.

H,S addition noticeably increased the diameter of the SWCNTs. It can be seen in the optical
absorption spectra (OAS) (Fig. 2a & b) of as-produced SWCNT films, the first inter-band
transition peak in semiconducting nanotubes (S;;) shifts from 1322 nm to 1525 nm with 1 ppm
H,S addition. The mean diameter of SWCNTs, calculated using Kataura plots and OAS, increased
from 1.05 nm to 1.26 nm with H,S addition for both Fe and Co catalysts. However, from 2-10 ppm
H,S, no shift in S;; was observed compared to 1 ppm H,S, indicating that SWCNT diameter is not
sensitive to the amount of H,S in the range 1 to 10 ppm. Poisoning of small catalyst particles by
sulfur addition could be one of the possible reasons for the growth of large diameter nanotubes

with sulfur addition.
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Fig. 2. The absorption spectra of a) Fe-SWCNTs and b) Co-SWCNTs indicate a very clear shift
towards large diameter SWCNTs with H,S addition. Corresponding ¢) Radial breathing mode of
Raman spectra with a 633 nm laser and d) the G and D mode of Raman spectra showing an

increase in the 15/Ip ratio of 13 to 19 for Fe-SWCNTs and 11 to 21 for Co-SWCNTs.

These results are also supported by Raman spectra of SWCNT films with three excitation
lasers (633, 514 & 488 nm). Without the addition of H,S, SWCNTs in resonance with the applied
laser were in the 0.8-1.7 nm diameter range (Fig. 2c and Fig. S4). However, with addition of 1 to
10 ppm H,S, only SWCNTSs with a diameter (d) greater than 1.1 nm were detected. Furthermore,
sulfur addition resulted in a conspicuous increase in the intensity of G mode compared to D mode

in the Raman spectra (Fig. 2d and S4), indicating an enhancement in the quality of the SWCNTs.
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Both yield variation and diameter increase of CNTs with sulfur addition have already been
reported in the sulfur-assisted FC-CVD SWCNT growth process [20,21]. The mechanism
proposed previously is that sulfur can change the size and composition of the catalysts by forming
a sulfur-enriched layer on the catalyst surface. However, the in-situ catalyst formation makes the
essential role of sulfur ambiguous. In our case, unlike in earlier studies [20,21], we did not observe
significant change in either catalyst size or composition with H,S addition. We found that the size
distribution of the catalyst particles, measured using HR-TEM micrographs, was fairly consistent
with and without sulfur addition (Fig. S5c). The effect of sulfur on catalyst composition was
explored by X-rays energy dispersive spectroscopy (EDS) and X-ray photoelectron spectroscopy
(XPS) analysis. There was no detectable sulfur peak in the EDS spectrum of the Fe catalyst
particles, suggesting that their composition is independent of sulfur (Fig. S5b). On the contrary,
XPS analysis of SWCNT films (Fig. S6) revealed the presence of both iron (0.04 at. %) and sulfur
(0.05 at. %) in the sample. The atomic concentrations of both Fe and S are of the order of the
detection limit of XPS and thus their spectra have poor statistics (Fig. S6a and S6b). However, in
the Fe 2p spectrum (Fig, S6a) two peaks can be observed roughly around 707 eV (2ps52) and 720
eV (2p12) which would be consistent with metallic Fe. For sulfur, there are two broad S 2p features
between 161-166 €V-and 167-171 eV (Fig. S6b). For the lower energy feature several chemical
states are possible, including S-S bonding and C-S bonding, whereas the higher binding energy
feature could be related e.g. to C-SO,-type bonding [22—24]. Iron sulfide or sulfur-containing iron
alloys should be observed at S 2p binding energies between 161-163 eV [22,25] and thus this does
not seem to be the majority sulfur species on the surface. Thermodynamically, H,S can easily
adsorb onto the surface of catalyst particles and decompose into activated fragments like -SH and

—H [26-28]. These activated species on catalysts might promote carbon-catalyst interface bonding

11



[29] as has been indicated by C-S type bonding in our XPS spectrum, resulting in more active
catalyst sites and longer SWCNTs, as well as an increase in yield. Moreover, large localized active
regions on the catalyst particle with sulfur addition could induce the formations of large carbon
cap and large diameter SWCNTs accordingly [21,29,30]. Therefore, we propose that H,S mainly
influences the interaction between the metal catalyst and carbon. On the other hand, an excess of
sulfur may lead to an imbalance between carbon dissolution and precipitation, which can decrease
catalyst activity and even deactivate the catalysts. Therefore, with excessive H,S, yields will

decline.

More importantly, we found that H,S can effectively tune the conductivity of the as-
produced SWCNT films. SWCNT film conductivity initially increases and then decreases with an
increase in H,S (Fig 1c¢). For both catalysts (Fe and Co), the conductivity of pristine SWCNT films
can be drastically increased, by a factor of three, with sulfur addition. The optimum H,S
concentration for maximum sheet conductance with Fe as the catalyst was 5 ppm whereas that for
Co was 8 ppm. To understand the mechanism by which sulfur improves the conductivity of
SWCNT films, we studied in detail the morphology and structure of as-produced SWCNTs with

and without H,S addition at optimum conditions.

The diameter distribution and geometric mean diameter (pg) of the SWCNTs were

quantified by ED [31]. For this purpose, 115-125 individual SWCNTs were randomly selected
from each sample and characterized. The ED analysis results are plotted as diameter distributions

in Figs. 3a and 3b for Fe- and Co-SWCNTs, respectively. The pg for Fe-SWCNTs increased from
1.06 nm to 1.26 nm with the addition of 5 ppm H,S. The geometric standard deviation (64)

decreased from 1.23 to 1.17, indicating a narrower diameter distribution with H,S addition. The

12



smallest diameter SWCNTSs with H,S were = 0.95 nm compared to diameters = 0.70 nm without

H,S. For Co-SWCNTSs, the pg increased from 1.05 nm to 1.24 nm with the addition of 8 ppm H,S,

and the diameter distribution became broader with H,S addition. The formation of large diameter
nanotubes with a small band gap after sulfur addition is a major explanation for the improved

conductivity of the resulting SWCNT films.

Our previous work has shown that bundle length and bundle diameter both have a
pronounced effect on the opto-electronic performance of SWCNT films.[6,10] Therefore, we
explored the effect of sulfur addition on the bundle length and bundle diameter of SWCNTs. It is
worth noting that in the existing literature, the reported outcome when no sulfur was added has
been either no CNTs or very short CNTs [9,32,33] precluding comparisons of bundle length
distributions with and without sulfur addition. However, we measured the bundle length of
SWCNTs with and without sulfur addition and a typical SEM image utilized for the said purpose
is shown in Fig.4a. For statistical analysis, the bundle length distribution of 200-220 SWCNT
bundles with Fe or Co as the catalyst, and with and without sulfur addition was measured and has
been shown in Fig. 4b and c. We found that the average bundle length (I;) of Fe-SWCNTs
increased by 25% (from 3.4 pm to 4.2 um) with the addition of 5 ppm H,S and a similar result for
Co-SWCNTs was obtained by adding 8 ppm H,S. As mentioned above, sulfur may reduce carbon
precipitation from catalysts and increase the growth rate of SWCNTSs, producing longer SWCNT
bundles. For TCF applications, at the same transmittance, nanotubes with longer bundle lengths
show better performance due to lower number of contact junctions, hence improving the overall

opto-electronic performance of the resulting films.
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Fig. 3. Quantitative analysis of SWCNT diameter distributions at optimized conditions measured

by electron diffraction with and without H,S for a) Fe-SWCNTs and b) Co-SWCNTS.

To investigate the effect of sulfur on bundle diameter distributions, we acquired 170-190
HR-TEM images of SWCNTs with and without sulfur addition. Fig. 4d shows a typical HR-TEM
image of an individual and a bundled SWCNT. The bundle diameter distributions are provided in
Figs 4e and f for Fe and Co-SWCNTs, respectively. We observed an increase in the amount of
individual Fe-SWCNTs from 13% to 21%, and for Co-SWCNTs from 11% to 18%, with sulfur
addition. Sulfur addition also reduced mean bundle diameter (d},) for Fe-SWCNTs by 0.5 nm and
for Co-SWCNTs by 0.7 nm. More importantly, the number of SWCNTs in an average-sized bundle
declined from 9 to 5 for Fe-SWCNTs with the introduction of 5 ppm H,S, and from 12 to 5 for
Co-SWCNTs with the addition of 8 ppm H,S (insets in Fig. 4e and f). In bundled nanotubes, the
charge is carried by the outermost nanotubes [6] and nanotubes inside the bundle mainly contribute
to light absorption rather than charge transportation. Therefore, SWCNT films comprised of
narrower bundles with a higher fraction of individual nanotubes could exhibit better opto-

electronic performance.
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ppm H,S) catalysts. d) HR-TEM image, showing a bundled and an individual SWCNT. A
comparison of bundle diameter distribution and, in the inset, the number of SWCNTs required to
form the average bundle size of e) Fe-SWCNTs (at 0 and 5 ppm H,S) and f) Co-SWCNTs (at 0 and

8 ppm H>S).

The chirality, i.e. atomic structure of nanotubes, plays a critical role for their applications
including the TCFs. To determine chirality of SWCNTs, we utilized the highly reliable and precise
ED technique [31,34]. To the best of our knowledge, this is the first report on the effect of sulfur
addition on SWCNTs chirality distributions obtained from ED. Previously, the challenge of
synthesizing of high-quality and clean SWCNTs without sulfur addition has hindered this
comparison. Earlier determination of SWCNT chiralities has been based on absorption, Raman

and photoluminescence spectroscopy, among which Raman and photoluminescence techniques
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have serious drawbacks, leading to the incomplete chirality maps [34]. Chirality maps of Fe-
SWCNTs and Co-SWCNTs based on ED are shown in Fig. 5, and selected ED patterns are
provided in the supporting information (Fig. S7). ED analysis revealed that the chirality
distributions of Fe-SWCNTs for both 0 and 5 ppm H,S were randomly distributed from zig-zag to
armchair edges. The most abundant chiralities without H,S addition were (8, 6), (9, 5)and (10, 4),

representing 12% of the total nanotubes.

CNTs: 5 ppm H,S Fe-SWCNTs
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Fig.5. Chirality maps of SWCNTs obtained by electron diffraction with a) Fe 0 ppm H,S, b) Fe 5
ppm H,S, d) Co 0 ppm H,S, and e) Co 8 ppm H,S. A comparison of the change in chiral angle with

the addition of H,S for ¢) Fe-SWCNTs and f) Co-SWCNTSs.

In the chirality map (Fig. 5a) with 0 ppm H,S, most of the nanotubes were clustered around the 1
nm region with 45% having d < 1 nm. However, with the addition of 5 ppm H,S nanotubes with
d < 0.95 nm, which are enclosed in the rectangle in Fig. 5a, disappeared completely. With 5 ppm

H,S, 17% of the nanotubes had chiralities (9, 6), (10, 6) and (10, 4). Some large diameter
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nanotubes, for example (16, 4), (16, 10) and (18, 8), were only found with the addition of H,S (Fig.
5b). More importantly, sulfur did not play a significant role in tuning the chiral angle distribution
(Fig. 5¢). Only a modest increase in the mean chiral angle from 16.06+8.35° to 18.11+7.92° was
observed with H,S addition. Moreover, the ratio of semiconducting tubes slightly declined from

61% to 59% with H,S addition.

A similar trend was found in Co-SWCNTs. The most abundant chiralities (15%) for the Co
catalyst with 0 ppm H,S were (9, 8), (9, 7), (11, 5), and 35% of the SWCNTs had d < 1 nm. With
the addition of 8 ppm H,S, the smallest nanotube diameter was 0.95 nm and the three most
abundant chiralities (16% of nanotubes) were (9, 7), (9, 8) and (11, 5). The major changes in (n,m)
indices with 0 and 8 ppm H,S, indicating shifts in chirality are highlighted with the rectangles in
Fig. 5d and e. More detailed statistics on individual chirality are in the supporting information
(Fig. S8-S11). It is worth noting that for the Co catalyst the addition of sulfur resulted in a relatively
higher fraction (8%) of zig-zag (n,0) nanotubes, which are considered to be more difficult to
synthesize due to their comparatively slower growth rate owing to their symmetric structures.[35—
37] But as a whole, similar to Fe-SWCNTs, we did not find any noticeable change in the mean
chiral angle (Fig. 5f) or much change in the ratio of semiconducting (semiconducting ratio
increased from 61% to 66%) Co-SWCNTs with the addition of sulfur. Hence, the ED results
showed that for both catalysts (Fe and Co) there was a shift from smaller to larger diameter
SWCNTs but no effective chirality control with the addition of sulfur. This result contrasts with
those of many earlier studies on supported-CVD processes, where sulfur-containing compounds
have been used as a promoter to gain high selectivity and to tune the metallic to semiconducting

ratio of the SWCNTs [13,14]. This discrepancy may arise from the use of inadequate
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characterization techniques for chirality determination, including Raman and photoluminescence

spectroscopy, in earlier studies [34].

To summarize the analyses above, we found that an appropriate amount of sulfur increases
the diameter of SWCNTs, elongates the bundle length, reduces the bundle size and enhances
quality of the nanotubes, which can give rise to SWCNT films with a better opto-electronic
performance. The plots of sheet resistance (Rg) versus transmittance (T) are shown in Fig. 6a to
compare the opto-electronic performance of SWCNT-TCFs produced with and without H,S. The
result were non-linearly fitted by the well-established fitting method described in the literature [7].
For pristine Fe-SWCNT and Co-SWCNT films with 0 ppm H,S at 90% Tsso nm, sheet resistance

values (R;) were 1512 Q/sq. and 1704 Q/sq., respectively.
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90 - a) 8 b) |—@— Co: 0 ppm HyS
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- 2 |—¥— Co: 8 ppm HyS
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Fig.6. a) A comparison of sheet resistance versus % transmittance at 550 nm of SWCNT-TCFs
under optimized conditions with and without sulfur addition, and before and after doping with
AuCl;. b) A reduction in the doping ratio of Fe-SWCNTs and Co-SWCNTs with sulfur addition at

various % transmittance of the films.
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The conductivity of the pristine SWCNT films increased ~6 times when they were doped with
AuCls. For doping, AuCl; was employed because previous studies indicated this to be a relatively

stable dopant for SWCNTs [18,38]. The doped Fe and Co-SWCNT films had R 243 Q/sq. and

274 Q/sq. at 90% Tss0 nm, respectively.

However, at optimized conditions with sulfur addition, the R values for pristine films

remarkably reduced by a factor of ~3 for both Fe (469 Q/sq. @ 90% Tss0.m)@nd Co (508 Q/sq. @

90% Ts50 nm) SWCNTSs. The reduction in R with sulfur addition is ‘mainly attributed to large

diameter nanotubes, long bundle length and small bundle size. This enhancement in the quality
(Ig/Ip) of SWCNTs with sulfur might also contribute in improving film performance. More
importantly, after doping R value of sulfur-assisted pristine films decreased by a factor of ~4. It’s
worth noting here, that the doping factor was reduced from ~6 to ~4 with sulfur addition (Fig. 6b).
This difference can be ascribed to the small band gaps of large diameter nanotubes and to fewer

contact junctions caused by longer bundle length with sulfur addition. The minimum R, value for

Fe-SWCNTs at 90% Tsso am With sulfur addition after doping was 116 €/sq. and that for Co-

SWCNTs was 132 €/sq..

4. Conclusion

In this work, we have for the first time systematically studied the effects of sulfur on the
growth characteristics of FC-CVD-synthesized SWCNTs using pre-made Fe and Co catalyst
particles. We demonstrate that the yield of SWCNTs can be improved around 2.5 times by
introducing an appropriate amount of sulfur as a growth promoter. The addition of sulfur promotes
the growth of large diameter nanotubes, with the average diameter of the resulting SWCNTs
increasing from 1 nm to 1.2 nm. Moreover, optimized sulfur addition can increase the conductivity
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of SWCNTs films by 3 times, leading to excellent opto-electronic performance TCFs, with 116

Q/sq. for Fe-SWCNTs and 132 Q/sq. for Co-SWCNTs at 90% Tsso nm, respectively. The
performance enhancement of SWCNT films with the aid of the sulfur promoter is attributed to
increases in SWCNT diameter, quality, average bundle length, and in the fraction of individual

nanotubes. Interestingly, ED analysis revealed that the sulfur promoter has little influence on the

chirality distribution of SWCNTs. Our results comprehensively explored the roles of sulfur as a
promoter for the FC-CVD growth of SWCNTs and are of special interest for the synthesis of highly

conductive SWCNTs thin films applications.
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Systematically investigated the roles of sulfur on various growth profiles of
SWCNTs

Sulfur increased the bundle length, SWCNT diameter and performance -of
SWCNT-TCFs

SWCNTs yield is highly sensitive to catalyst composition and sulfur concentration
Chirality distributions of SWCNTs was determined by electron diffraction

technique

28



