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Large-Diameter Carbon Nanotube Transparent Conductor 
Overcoming Performance–Yield Tradeoff

Qiang Zhang,* Jeong-Seok Nam, Jiye Han, Sukanta Datta, Nan Wei, Er-Xiong Ding, 
Aqeel Hussain, Saeed Ahmad, Viera Skakalova, Abu Taher Khan, Yong-Ping Liao, 
Mohammad Tavakkoli, Bo Peng, Kimmo Mustonen, Dawoon Kim, In Chung, 
Shigeo Maruyama, Hua Jiang, Il Jeon,* and Esko I. Kauppinen*

The floating catalyst chemical vapor deposition (FCCVD) method for pro-
ducing single-walled carbon nanotubes (SWNTs) has demonstrated great 
potential in transparent conductive film (TCF) application. In FCCVD, 
reducing the concentration of carbon nanotubes (CNTs) is a well-agreed 
method of improving the conductivity of SWNT TCF, achieved by producing 
thinner and longer CNT bundles. However, this method decreases the yield 
dramatically, which has persisted throughout the TCF development. Here, 
the production of large-diameter double-walled CNT (DWNT) TCFs via 
FCCVD is reported, which overcomes the tradeoff between performance 
and yield. These TCFs of DWNTs with an average diameter of ≈4 nm have 
a low sheet resistance of 35 Ω sq−1 at 90% transmittance. The conductivity 
here aligns with the best-performing SWNT TCFs reported to date, showing 
a production yield greater than two orders of magnitude. The main factor 
contributing to the high performance and yield is considered to be the large 
tube diameter, which greatly improves the yield threshold of CNT bundling 
and leads to long tube length and unique junctions broadening. Moreover, 
the application of DWNT TCFs in perovskite solar cells exhibits a power con-
version efficiency of 17.4%, which has not been reported yet in indium-free 
CNT-based solar cells.

DOI: 10.1002/adfm.202103397

1. Introduction

The transparent conductor is a vital com-
ponent in optoelectronics.[1] Devices such 
as solar cells, solid-state lighting, touch 
screens, and display devices rely on the 
conventional indium tin oxide (ITO) trans-
parent conductors. However, the brittle 
nature and limited abundance of ITO pre-
sent many challenges in various aspects 
of transparent conductors, namely flexible 
electronic applications and environmental 
sustainability. Carbon nanotubes (CNTs) 
have demonstrated great potential as an 
alternative transparent conductive film 
(TCF) for various optoelectronic devices 
due to their high electrical conductivity, 
mechanical flexibility and stability, as well 
as their outstanding optical properties such 
as neutral coloration, low haze, and low 
refractive index.[2,3] In particular, single-
walled CNT (SWNT) TCFs have exhibited 
excellent performance, owing to the low 
optical density of the single-walled tubes.[4]
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The floating catalyst chemical vapor deposition (FCCVD) 
method has demonstrated great potential in the fabrication 
of SWNT TCFs.[5,6] SWNT gas-phase synthesis in FCCVD 
can integrate into the film fabrication seamlessly. In addi-
tion, FCCVD does not leave surfactant contamination or 
many defect sites, yet it still promotes high crystallinity of 
the CNTs, which is different from other methods (e.g., wet 
processing).[3] FCCVD-based SWNT TCFs have been conse-
quently the choice for ITO-free optoelectronics; as they con-
tinue to be developed, their performance can even surpass 
that of ITO.[7] Nevertheless, there is still room for further 
improvement in terms of DC-to-optical conductivity ratio and 
CNT production yield.

Junction resistance and bundling are recognized as 
the two major issues contributing to the reduced DC-to-
optical conductivity ratio of CNT TCFs, compared to what 
is expected from the individually separated SWNTs.[8,9] Pro-
ducing thinner and longer CNT bundles by reducing the 
CNT concentration in FCCVD has proven to be one of the 
most effective methods of improving the conductivity of 
SWNT films.[10] However, this dramatically reduces the yield 
by orders of magnitude.[7,11] This tradeoff between perfor-
mance and yield has persisted throughout the development 
of SWNT TCFs, and there is yet to be a report that describes 
improvement of both the performance and the yield.[7,10–12] 
On the other hand, while double-walled CNTs (DWNTs) the-
oretically have higher conductivity and mechanical stability 
than SWNTs,[13–16] the systematic researches in DWNT TCFs 
are rarely reported.

Here, we present large-diameter double-walled CNT 
(DWNT) TCFs produced by FCCVD, which overcomes the 
performance-yield tradeoff. By adjusting the concentration 
and size of the catalyst particles in FCCVD, the produced 
TCFs changed from SWNTs in large bundles to DWNTs 
in small bundles, accompanied by the dramatic increase 
in both yield and performance. Specifically, the produced 
DWNT TCFs exhibited a low sheet resistance (Rsheet) of 
130 Ω sq−1 at 90% transmittance (T) and a high specific 
yield of ≈2.6 × 10–2 m2 h−1 slm−1. The DC-to-optical conduc-
tivity here is on par with the best-performing SWNT TCFs 
reported to date.[7,11] This reduced further down to 42 Ω sq−1 
at 90% T upon doping by AuCl3 and to 35 Ω sq−1 at 90% 
T upon doping by HNO3. Moreover, the production yield 
in these DWNT TCFs exceeds that of the SWNT TCFs by 
more than two orders of magnitude.[7,11] There only few 
reports on CNT TCF production with specific yields over 
10–2 m2 h−1 slm−1.The high conductivity of these DWNT 
TCFs benefits from the unique micro-morphologies of 
small bundle size, long tube length, large CNT diameter 
(approximately 4  nm), as well as unique junctions broad-
ening. These results unexpectedly defied the conventional 
performance-yield relationship that high yield or high CNT 
concentration can decrease the conductivity of CNT films 
due to bundling of the tubes.[12] To assess their device appli-
cability, we fabricated perovskite solar cells (PSCs) with 
the produced CNT TCFs. The power conversion efficiency 
(PCE) based on the DWNT TCFs is up to 17.4%, which cur-
rently represents the highest efficiency reported from the 
ITO-free CNT-based PSCs.

2. Result and Discussion

2.1. CNT Synthesis and TCF Fabrication

CNTs were synthesized using the FCCVD method with ferro-
cene (FeCp2) as the catalyst precursor, sulfur as the growth pro-
moter, methane (CH4) as the carbon source, and a mixture of 
nitrogen (N2) and hydrogen (H2) as the carrier gas. The reactor 
temperature was roughly 1100 °C. A schematic of the FCCVD 
reactor is shown in Figure S1A in the Supporting Information, 
and detailed preparation procedures are described in Materials 
and Methods. The amount of FeCp2 and sulfur introduced to 
the laminar FCCVD reactor was controlled by the evaporation 
temperature while keeping the molar ratio of Fe/S ≈ 4 in all 
experiments. Specifically, the CNT samples were produced with 
the FeCp2 at 25, 30, 35, 40, and 45 °C respectively. The satu-
rated vapor pressure of FeCp2 according to the evaporation tem-
perature is shown in the supporting information (Figure S1B, 
Supporting Information). The aerosol-synthesized CNTs were 
collected as a large-size continuous network through the reactor 
outlet by dry filtration (Figure S3A,B, Supporting Information). 
Next, the collected film of CNTs was transferred to substrates 
of polyethylene terephthalate (PET) and glass, and various anal-
yses were conducted.[5]

2.2. Characterizations of CNTs Produced in Varied Yields

CNTs were synthesized under controlled FeCp2 evaporation 
temperatures from 25 to 45 °C, and the electrical and optical 
characterizations were carried out (Figure 1). Visible to near-
infrared (Vis-NIR) absorption spectra of the synthesized CNTs 
are shown in Figure 1A. The film synthesized under the FeCp2 
temperature of 25 °C exhibits obvious Van Hove transition 
peaks (S11, S22, and M11) indicating that both semiconducting 
and metallic SWNTs are dominant.[17] According to the calcu-
lation from the absorption spectra, the mean diameter of the 
SWNTs is approximately 2  nm. As the FeCp2 temperature 
increased, the CNT collection yield increased dramatically; 
compared to the yield of SWNT TCF collected at 25 °C, the 
film yields at 35 and 45 °C were 4 times and 20 times higher, 
respectively. As the FeCp2 evaporation temperature increases, 
the Van Hove transition peaks in the absorption spectra are 
greatly suppressed, and disappear completely for the CNTs syn-
thesized at FeCp2 temperatures above 35 °C. This indicates that 
the CNTs lose SWNT characteristics at higher yields. Further-
more, Raman spectroscopy and microscope characterizations 
(Figure 2) reveal that as the increase in yield, products changed 
from SWNTs to DWNTs with the larger tube diameters. From 
the radial breathing mode (RBM) of under 633 nm laser line, 
we confirmed that the CNTs synthesized under the FeCp2 evap-
oration temperature above 25 °C are in fact composed mostly 
of DWNTs (Figure S3C, Supporting Information). Unlike the 
SWNTs produced, DWNT TCFs show strong peaks in the 
Raman shift above 200 cm–1, which corresponds to the metallic 
inner tubes of DWNTs.[18,19] And the blueshift of the Raman 
RBM peaks indicates that the CNT diameter increases with the 
increase in the yield. The G band of the Raman spectroscopy 
indicates that the IG/ID value decreases from 49 to 9.2 with the 
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increase in FeCp2 temperature from 25 to 45 °C (Figure  1B, 
Supporting Information). This reveals that the CNT quality is 
slightly reduced with the yield increase, but all of the CNTs 
maintain well-crystallized sp2 C-C structures.[20]

The CNT TCFs Rsheet and transmittance at 550  nm were 
measured at different FeCp2 evaporation temperatures. Plotting 
the specific Rsheet at 90% transmittance (Figure  1C) revealed 
that the performance of CNT TCFs first increases with produc-
tion yield, then starts to decrease; DWNT TCFs synthesized 
under the FeCp2 temperature of 35 °C provide the optimal 
conductivity versus production yield trade-off. The CNT TCFs 
produced at FeCp2 temperatures of 25, 35, and 45 °C are 
hereon referred to as low-yield (LY), medium yield (MY), and 
high yield (HY), respectively. The more detailed transmittance 
versus Rsheet data is provided in Figure 1D. The plots are fitted 
according to the Equation (1)

R
K T

= −1
ln

sheet  (1)

where K is a coefficient of proportionality and T is transmit-
tance. The fitted curves match well with the experimental 
data points, indicating that the synthesis process has good 
stability and reproducibility. The data shows that the DWNT 
TCFs synthesized at high FeCp2 evaporation temperatures 
exhibit much higher DC-to-optical conductivity than the 
SWNT TCF synthesized under the FeCp2 evaporation tem-
perature of 25 °C in all ranges. The pristine MY-DWNT 
TCFs show the best performance—130 Ω sq−1 at 90% trans-
mittance. The conductivity of CNT TCFs can be improved 
by chemical doping, for example with gold chloride (AuCl3) 

or nitric acid (HNO3). AuCl3 doping reduced Rsheet of the 
MY-DWNT TCFs from 130 to 42 Ω sq−1 at 90% T, which is 
still lower than that seen in the LY-SWNT (110 Ω sq−1) and 
HY-DWNT (78 Ω sq−1). This shows that the performance of 
our film is better than or equivalent to reported values on 
transparent conductors, for example, ITO on polymer sub-
strates,[21] CNTs,[7,22] and graphene.[23] HNO3 doping was 
even more effective despite its instability in air. For instance, 
Rsheet of MY-DWNT TCF reduced to 35 Ω sq−1 at 90% T upon 
HNO3 doping, but increased to more than 50 Ω sq−1 after one 
hour in open air. To prevent this, we doped all three types 
of the CNTs by HNO3 in the dry room, which showed stable 
doping durability (Figure S2, Supporting Information). The 
sheet resistance increased only by under 2% per day, which 
is negligible in the perspective of the device stability. More-
over, PSCs were also fabricated in the dry room for the same 
reason. Regardless of the dopant type, the DWNT TCFs syn-
thesized here showed typical CNT susceptibility to chemical 
doping.

The photographic images of the 10 cm-diameter MY-DWNT 
TCFs on filter and PET show the same coloration and high 
transparency as the reported SWNT TCFs (Figure S3A, Sup-
porting Information; Figure  1E). The relationship between 
the performance and yield of the CNT TCFs is shown in 
Figure  1F, along with the reported data from the literature. 
The ratio of direct-current electrical conductivity (σdc) and 
optical conductivity (σop) was applied as a figure of merit to 
evaluate the performance of TCFs. The specific calculation of 

dc

op

σ
σ  is shown in Material and Methods. For the valid compar-
ison of the yields from reactors with different sizes, a specific 
yield was defined as

Figure 1. Electrical and optical characterizations of CNT TCFs produced at various FeCp2 evaporation temperatures. a) Absorption spectra of the CNT 
TCFs. b) Raman G-band and D-band of the CNT TCFs excited by a 633-nm laser. IG/ID values for 25, 30, 35, 40, and 45 °C are 49, 20, 13, 10, and 9.2. 
c) Sheet resistance at 90% transmittance-550nm for pristine and AuCl3-doped CNT films. The performance first increases then decreases with yield 
increase; CNT TCFs prepared at 35 °C FeCp2 give the best performance. d) Sheet resistance versus transmittance of the CNT TCFs before and after 
AuCl3-doping. e) Optical image of a ≈10 cm diameter DWNT TCF produced at a FeCp2 temperature of 35 °C laminated on a PET substrate. f) Com-
parison of the CNT TCFs produced here with previously reported CNT TCFs.[7,10–12,28] σdc/σop is used for a fair comparison. Higher σdc/σop represents 
a better TCF performance. A clear trend of yield increase and performance decrease is shown. Our work overcomes this yield-performance tradeoff. 
Red data points from left to right are taken from the CNT TCFs prepared at 25, 30, 35, 40, and 45 °C FeCp2 evaporation temperatures, respectively.
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Area of CNT TCF at 90% T
Collection time * Total gas flow

=Specific yield  (2)

Figure  1F shows that the performance of our CNT TCFs 
manifests an increase in the DC-to-optical conductivity, which 
then declines with the further increase in yield, unlike the 
previously reported SWNT TCFs.[12,24] It is well accepted that 
during gas-phase growth the CNTs will collide and form bun-
dles due to Brownian diffusion, which reduces the quality and 
length of CNTs, lowering the conductivity of the CNT net-
work.[25] According to aerosol dynamics, the collision rate is pro-
portional to the square of the concentration of CNTs in the gas 
phase.[12] Therefore, reducing the feeding rate[10] or increasing 
the carrier gas flow[7] was the best way to promote the CNT TCF 
performance by preventing the bundle formation with a clear 
performance-yield tradeoff, as shown in Figure  1F. However, 
our results clearly show a new trend in a wider yield range and 
DWNT TCFs overcoming the performance-yield tradeoff.

A new synthesis window of DWNT TCFs has been revealed 
here, where simultaneous improvement of output and perfor-
mance can be achieved. This is a significant finding, as CNT 
performance control via CNT number concentration, a well-
known method, has been close to the theoretical limit with the 
nearly 90% isolated SWNT TCFs reported.[7,26] Furthermore, 
there are very few reports of CNT TCF production with spe-
cific yields over 10–2 m2 h−1 slm−1, all of which contain large 

bundles with inferior optoelectronic performance. The MY-
DWNT TCF production not only shows high specific yield up 
to ≈2.6 × 10–2 m2 h−1 slm−1, but also possesses the best DC-to-
optical conductivities of 130, 42, and 35 Ω sq−1 at 90% T for the 
pristine, AuCl3-doped, and HNO3-doped samples, respectively. 
Especially, the DC-to-optical conductivity of these DWNT TCFs 
aligns with the best-performing SWNT TCFs reported to date, 
and the yield is improved by more than two orders of mag-
nitude.[7,11] It is worth mentioning that although we use the 
FeCp2-CH4 system for demonstration in this work, this new 
synthesis window of DWNT TCFs can obviously be applied in 
other FCCVD systems with similar outcomes.

2.3. Investigation of DWNT TCFs at the Nanoscale

To gain further insight into the produced TCFs, scanning 
electron microscopy (SEM) and high-resolution transmission 
electron microscopy (HR-TEM) were conducted. The typical 
morphologies of CNTs are shown in Figure 2A–F and Figure S4 
(Supporting Information). The statistical analyses were sum-
marized and compared with previously reported results in 
Figure  2G–I and Figures S5 and S6 in the Supporting Infor-
mation. Wherein, the lengths and diameters of bundles were 
measured directly, and the CNT numbers counted per bundle 
were calculated based on the diameters of tubes and bundles. 

Figure 2. Microscopic analysis of CNT TCFs at microscale and nanoscale. a–c) SEM images of the LY-SWNTs, MY-DWNTs, and HY-DWNTs, respec-
tively. d–f) TEM images of the LY-SWNTs, MY-DWNTs, and HY-DWNTs, respectively. g) Bundle lengths measured from SEM images versus specific 
yields of the LY-SWNT, MY-DWNT, and HY-DWNT TCFs (red dots from left to right, respectively) and the previously reported SWNT TCFs.[7,10–12,28]  
h) Bundle diameters measured from TEM images versus specific yields. i) CNT number counted per bundle versus specific yields. It is clear that the 
previously reported SWNT TCFs show low yields (less than 0.01 m2 h−1 slm−1), wherein bundle lengths are short, and bundle diameters and CNT number 
per bundle are large and high. However, our DWNTs show a new relationship between the morphology and yield.
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According to previous studies, SWNTs start to bundle rapidly 
with a specific yield higher than 10–3 m2 h−1 slm−1, which is fol-
lowed by the shortening of the tube length from tens of microns 
to several microns and the expanding of bundle diameter.[12] 
The morphologies of LY-SWNTs here are in line with what 
is predicted by the large bundles of SWNTs in similar yields. 
However, our DWNTs show a new evolution of morphologies 
with yields.

HRTEM images reveal tube diameter is around 2 nm in LY-
SWNTs, which well matches with the optical characterizations. 
The SWCNT bundle has an average length of ≈7.2 um and an 
average diameter of ≈8 nm. With an over four-fold increase in 
yield, the dominant product becomes large-diameter DWNTs 
(≈4.1  nm) in MY-DWNTs. However, bundles are longer 
(≈20 um) and thinner (≈6.4 nm) than those in LY-SWNTs, which 
is unexpectedly defied the conventional morphology-yield rela-
tionship. Further increase in the yield induced bundling again, 
which consequently produces short and thick bundles (length 
≈11 um and diameter ≈ 8.1  nm) in HY-DWNTs. Notably, the 
bundles of MY-DWNTs are much straighter compared to those 
of LY-SWNTs and HY-DWNTs as shown in Figure  2A–F. The 
bending and clustering of the CNTs in LY-SWNTs and HY-
DWNTs are induced during the bundling process. It is already 
a well-known fact that straight CNTs and bundles are conducive 
to the high conductivity of CNT films.

Furthermore, catalysts in the CNT TCFs were studied by 
TEM. As shown in Figure S7 in the Supporting Information, 

the average size of catalysts is 2.7 nm, 4.4 nm, and 5.8 nm for 
the LY-SWNT, MY-DWNT, and HY-DWNT TCFs, respectively. 
The greater FeCp2 feeding leads to the higher yield and larger 
catalyst particle size.[27] This explains why the CNT diameters 
vary according to the yield. We also observe that the catalysts 
are encapsulated by 1-layer graphene in the LY-SWNT samples, 
but by 2-layer graphene in MY-DWNT and HY-DWNT, which 
matches with the wall-number of CNTs. Moreover, the diameter 
ratios of catalysts to CNTs range from 1.1 to 1.4, indicating that 
our CNT growth is the tangential mode, which is similar to 
other FCCVD-SWCNT results.[27,28]

To further explore the nature of the new DWNT TCFs, we 
investigated the bundles themselves. Although the bundle 
diameters are similar (6–8  nm) here, the bundling states and 
distributions are different. As shown in Figure 2H, the average 
number of CNTs per bundle are 16, 1.7, and 2.5 for the LY-
SWNT, MY-DWNT, and HY-DWNT TCFs, respectively. This 
means that DWNTs have considerably lower bundling than 
SWNTs in our work. Notably, we attribute this less bundling 
more to relatively large diameters of DWNTs than the number 
of walls. The low CNT number on bundles, along with long 
tube/bundle lengths account for the high conductivity of the 
DWNT TCFs despite the high production yield.

By studying numerous TEM images of the MY-DWNT, 
we found a more detailed CNT composition (Figure 3A). 
The MY-DWNT TCF contains 42% isolated DWNTs with a 
mean diameter of ≈4.1  nm, 5% isolated SWNTs with a mean 

Figure 3. Component analysis of a MY-DWNT TCF. a) Proportion distribution statistics of a MY-DWNT TCF. b) TEM image of a MY-DWNT TCF 
showing the components. Large-diameter SWNTs prefer to be isolated, while small-diameter DWNTs exist in bundles. c) Energy band of CNTs with 
different diameters. The SWNTs with chirality of (15,24), (30,29), and (40,39) are modeled. d) Junction-broadening in a MY-DWNT TCF.

Adv. Funct. Mater. 2021, 2103397



www.afm-journal.dewww.advancedsciencenews.com

2103397 (6 of 11) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

diameter of ≈1.8  nm, 27% small bundles with a mean diam-
eter of ≈6.8  nm, and 26% large bundles with a mean diam-
eter of ≈10 nm. The small bundles generally contain less than 
four CNTs. We consider that the isolated CNTs and the small 
bundles promote high DC-to-optical conductivity, while the 
large bundles weaken it.[3] We also found that DWNTs with a 
large diameter have a strong tendency to be isolated, whereas 
SWNTs with a relatively small diameter tend to form a bundle 
(Figure 3B; Figure S8, Supporting Information). There are sev-
eral possible hypotheses for why the large-diameter DWNTs 
with low agglomeration maintain thin bundles even at high 
concentrations or yield. The first hypothesis is that the increase 
in diameter can weaken the Brownian motion and clustering 
of CNTs during synthesis.[29] Secondly, the large-diameter 
DWNTs have a small specific surface area, which weakens the 
van der Waals interaction between DWNTs, thus less hinder-
ance during the formation of CNTs. Thirdly, the transition from 
SWNT to DWNT can reduce the CNT bundling. The bending 
stiffness increases with more walls, which will slow the aggre-
gation during the CNT collisions. Lastly, large-diameter DWNTs 
can conduct more charge during synthesis, which exacerbate 
the exclusion of CNTs, as some studies claim that CNTs are 
charged during synthesis.[30–32]

While some claim that having a multi-wall is conducive 
to conductivity,[33,34] others assert that the large diameter 
lowers the conductivity.[35–37] Regardless of the argument, 
the high performance of our DWNTs does not only rely 
on the properties of the DWNT, but more on the fact that 
our larger diameter tubes have fewer CNT-CNT junctions, 
as the conductivity of CNT TCFs are largely dominated by 
the resistance at inter-tube junctions.[38–39] Semiconducting 
s-SWNT has a significant band-gap that varies inversely with 
the tube diameter.[29] High-quality large-diameter CNTs with 
a smaller band-gap could benefit the high conductivity of the 

CNT films.[40] s-SWNT has a significant band-gap that varies 
inversely with the tube diameter.[29] Large-diameter CNTs 
with a smaller band-gap are more metallic.[40] As shown in 
Figure 3C, the band-gap of CNTs with a diameter of 2 nm is 
around 0.41 eV. As the mean diameter increases to 4 nm and 
5.4 nm, the band-gap reduces to 0.2 eV and 0.15 eV, respec-
tively. We can deduce that the large tube diameter of ≈4.1 nm 
contributes to the high performance of MY-DWNTs. This is 
because the band-gap decreases as the diameter increases, 
which implies that large-diameter CNTs have advantages in 
the applications of conductive films. By carefully studying 
the TEM images, we identified unique broadening at the 
MY-DWNT junctions (Figure  3D). From the specific junc-
tion structures, the range of diameter increase appears to be 
between 10% and 60%.[41] Such deformation comes from low 
warp modulus in large-diameter tubes and strong van der 
Waals interaction.[42] Such broadening at the junctions pro-
vides a relatively large contact area for DWNTs, resulting in 
low junction resistance.[43]

The morphology of CNT TCFs is critical to the device per-
formance. Unlike organic devices,[44,45] the rough interface 
of carbon electrodes undermines the device performance 
in devices like PSCs.[13,46,47] The average roughness (Ra) and 
roughness mean squared (rms) values measured by atomic 
force microscopy (AFM) show that all LY-SWNT, MY-DWNT, 
and HY-DWNT TCFs possess similar morphology of≈7 nm Ra 
and≈10  nm rms (Figure 4). The roughness values are similar 
to that of the previously reported SWNT films produced by 
FCCVD (Figure S9, Supporting Information). This means that 
a relatively thick poly(triaryl amine) (PTAA) hole-transporting 
layer coating is necessary for the PSC application to resduce 
charge recombination, which lowers the device's shunt resist-
ance (RSH). The AFM images show that LY-SWNT TCFs have 
the narrowest diameters with many CNT-CNT junctions 

Figure 4. AFM morphology images of CNT TCFs. a) LY-SWNT TCF. b) MY-DWNT TCF. c) HY-DWNT TCF.
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(Figure 4A). The MY- and HY-DWNT TCFs appear to have more 
linear larger tubes than LY-SWNT TCFs (Figure 4B,C).

2.4. Application of CNT TCFs in Perovskite Solar Cells

To assess their device applicability, we demonstrated the 
applications of CNT TCFs in PSCs. The TCFs were applied to 
inverted-type PSCs as transparent electrodes by the direct and 
dry lamination method (Figure 5A).[45,46] The device structure 
was CNT/PTAA [35  nm]/poly[(9,9-bis(30-((N,N-dimethyl)-N-
ethylammonium)-propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylflu-
orene)] dibromide (PFN-P2) [<10  nm]/MA0.6FA0.4PbI2.9Br0.1 
[450  nm]/C60 [20  nm]/bathocuproine (BCP) [6  nm]/Cu 
[100  nm].[13] The LY-SWNT, MY-DWNT, and HY-DWNT TCFs 
were tested as the transparent electrode. The 3D graphics 
in Figure  5A illustrate the bundle size, diameter, size and 
amounts of catalysts in the TCFs. The photovoltaic parameters 
and the current density versus voltage (J–V) curves of the CNT-
based devices show that the MY-DWNT-based PSCs exhibit the 
highest PCE: 12.7% (Table 1 and Figure 5B).

The difference in device performance was primarily from 
the fill factor (FF). The series resistance (RS) and RSH—both 
of which determine the FF—varied (Figure  5C; Figure S10, 

Supporting Information). The MY-DWNT-based PSCs, which 
gave the highest PCE, exhibited the highest FF due to the 
lowest RS and the highest RSH. The lowest RS came from the 
lowest sheet resistance of the MY-DWNT films (Figure 1C,D,F). 
While the difference in RSH was marginal, the statistical 
analysis shows that there is a clear trend, and the MY-DWNT-
based PSCs shows the highest RSH (Figure 5C). All three types 
of DWNT films have similar surface roughness, indicating 
that other factors influence RSH. It is probable that the larger 
bundle size in LY-SWNT and HY-DWNTs may be the reason 
for the low RSH. The size of the Fe catalyst particles does 
not seem to affect the RSH (Figure S7, Supporting Informa-
tion). Photoluminescence (PL) was conducted to measure the 
charge transfer between the perovskite layer and the CNT elec-
trodes through PTAA. Figure  5D shows that there is stronger 
quenching for MY-DWNT compared with HY-DWNT and LY-
SWNT, confirming the better charge transfer and higher FF 
of the MY-DWNT-based PSCs. There was no evident blue-shift 
or narrowing of the peaks, meaning the difference in charge 
transfer did not stem from trap-charge states.[48,49] The imped-
ance measurement was carried out to further study the charge 
transfer and recombination in the devices (Figure S11, Sup-
porting Information). The RS values derived from the Nyquist 
plot and the equivalent circuit agree well with the RS obtained 

Figure 5. Application of CNT TCFs to PSCs. a) 3D illustration of the LY-SWNT TCF-, MY-DWNT TCF-, and HY-DWNT TCF-based PSCs. b) Comparison 
of the CNT-based PSCs according to RS (above) and RSH (below). c) J–V curves of the CNT-based PSCs. d) PL of the perovskite films (PVK) on different 
CNT TCFs. e) J–V curves of the MY-DWNT-based PSCs before and after HNO3 doping.

Table 1. Application of CNT TCFs to PSCs. Photovoltaic parameter values of the LY-SWNT, MY-DWNT, HY-DWNT, and HNO3-doped MY-DWNT TCF-
based PSCs under AM 1.5G one-sun illumination.

Transparent Electrode JSC [mA cm–2] VOC [V] FF RS [Ω cm2] RSH [Ω cm2] PCE

HY-DWNT 22.3 0.96 0.51 120 3.53 × 104 11.6%

MY-DWNT 22.2 0.96 0.59 104 2.32 × 104 12.6%

LY-SWNT 22.3 0.93 0.40 170 5.78 × 103 8.3%

HNO3-doped MY DWNT 22.7 1.05 0.73 34.3 4.85 × 104 17.4%
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from the photovoltaic parameters. The MY-DWNT-based PSCs 
show the lowest RS attributed to the highest conductivity of the 
MY-DWNT electrode. Charge transfer resistance at the hole-
transporting material (RHTM) values show that both the MY-
DWNT-based PSCs and HY-DWNT-based PSCs have much 
lower RHTM than the LY-SWNT-based PSCs, which agrees with 
the RSH derived from the J–V curves (Figure 5B). TRPL (time-
resolved PL) was conducted using a time-correlated single 
photon counting (TCSPC) instrument to strengthen the claim. 
The results show that there is faster PL decay for the perovskite 
films on PTAA/MY-DWNT and PTAA/HY-DWNT than that 
on PTAA/LY-SWNT (Table S1). Despite the similar decay time 
between MY-DWNT and HY-DWNT, tau 1 (τ1) from the MY-
DWNT sample was slightly lower than HY-DWNT, which may 
indicate marginally better charge transfer in the MY-DWNT 
sample.[50]

Having confirmed that the MY-DWNT-based devices give 
the highest PCE, HNO3 doping was applied to assess the sus-
ceptibility of the MY-DWNT electrode towards p-doping and its 
full potential as the transparent electrode. While AuCl3 doping 
is a common method for the p-doping of CNT films, Au has 
been reported to deteriorate the perovskite system and there-
fore HNO3 doping was used for the device application.[51,52] The 
device PCE increased to 17.4% owing to the enhancement in FF, 
which resulted from further reduced RS.[53] The VOC increased 
as well for the better aligned energy level between the Fermi 
level of the DWNT electrodes to the PTAA and the perovskite 
layer.[13,54] To the best of our knowledge, the efficiency of 17.4% 
is currently the highest among the reported DWNT transparent 
electrode-based PSCs (Figure S12 and Table S2, Supporting 
Information).[13,45–47,55–62]

3. Conclusion

Isolated, straight, long CNTs with high-quality are consid-
ered to be ideal objectives for constructing high-performance 
TCFs. The related researches have focused on the synthesis of 
SWNTs with diameters of approximately 2 nm in FCCVD. Here 
we demonstrated a new synthesis window of large-diameter 
DWNTs (≈4.1 nm) for the fabrication of TCFs with high perfor-
mance and yield simultaneously. With the optimal conditions, 
the produced DWNT TCFs exhibited a low sheet resistance 
(Rsheet) of 35 Ω sq−1 at 90% transmittance. The DC-to-optical 
conductivity measured here is on par with the best-performing 
SWNT TCFs reported to date.[7,11] Moreover, the production 
yield in these DWNT TCFs exceeds that of the SWNT TCFs by 
more than two orders of magnitude. Our results clearly show a 
new trend in a wider yield range and these DWNT TCFs over-
coming the performance-yield tradeoff (Figure 1F).

Furthermore, we systematically studied the morphologies 
of produced CNTs with the variation of yield. The main fac-
tors contributing to the high performance were considered 
to be the large tube diameter. According to previous studies, 
SWNTs with diameters of ≈2  nm start to bundle rapidly 
with a specific yield higher than 10–3 m2 h−1 slm−1. However, 
the produced DWNTs have small bundle size (≈1.7 CNTs per 
bundle) and long tube lengths (approximately 20  µm), even 
with a super-high specific yield of ≈2.6 × 10–2 m2 h−1 slm−1. This 

unexpectedly morphology-yield relationship (Figure 2G–I) may 
come from the large diameter of produced DWNTs. We found 
that DWNTs with a large diameter have a strong tendency to be 
isolated, compared to SWNTs with a relatively small diameter 
(Figure 3B). Moreover, large diameters also lead to tube-broad-
ening at the CNT junctions. These unique micro-morphologies 
contribute to the high performance of TCFs. Based on the 
DWNT films, the ITO-free PSCs with a high PCE of 17.4% were 
demonstrated.

To summarize, we have developed a new method that con-
trols the feeding of catalyst precursors to influence the size 
and amount of the catalyst particles, and consequently tune 
the type, performance, and yield of CNTs prepared. This work 
provides general inspiration for the synthesis and assembly of 
nanomaterials and similar outcomes can be expected for the 
other FCCVD-CNT systems. Specially, the produced DWNT 
TCFs using FCCVD showcase the excellent performance with 
an unparalleled high yield. As demonstrated by the trans-
parent conductor application in PSCs, the new DWNT TCFs 
can potentially be applied to other optoelectronics applications, 
for example, touch screens, display devices, and light-emitting 
diodes. Moreover, the high-yield DWNTs as engineering mate-
rials can have broad impacts in the fields of flexible electronics, 
adsorption materials, electrochemical catalysis, biosensors, etc.

4. Experimental Section
FCCVD Synthesis of CNTs: As shown in Figure S1A in the Supporting 

Information, the FCCVD reactor includes a vertical furnace (900 mm in 
length) and quartz tube with an internal diameter of 23 mm and length 
of 1050 mm. The top part of the reactor is connected to the precursor 
feeding system, and the bottom part is connected to the collection 
system. The furnace temperature is set at 1100 °C for CNT growth. For 
CNT synthesis, ferrocene is used as the catalyst precursor, sulfur as the 
promoter, N2 and H2 as the carrier gas, and CH4 as the carbon source. 
For all CNT synthesis, the total gas flow—controlled using a mass flow 
controller—is around 0.4 slm including N2, H2, and CH4. The nitrogen 
through ferrocene and sulfur were mixed with the other 80 sccm N2,  
70 sccm H2, and 8 sccm CH4 and then introduced into the furnace.

Ferrocene and sulfur were put in two separate cartridges that can 
be heated up. Nitrogen was passed through the cartridges to carry the 
FeCp2 and S into the reactor. The flow rates of N2 for ferrocene and sulfur 
were 100 sccm and 150 sccm respectively, which remained constant in all 
experiments. The temperature of the cartridges was controlled to tune 
the CNT yield. The relationship of the saturated vapor pressure of FeCp2 
with temperature is shown in Figure S1B in the Supporting Information. 
The sulfur temperature was also tuned to keep the molar ratio of Fe/S ≈ 
4 in all experiments, which was optimized according to the performance 
of the CNT films and also consistent with the previous work.[5,6]

Collection of CNTs: The CNT aerosol was collected at room 
temperature by two techniques: the filtration[5] and the thermophoretic 
method (TP),[28] each for different purposes. The CNT films can be 
directly collected on filters with 0.45 µm pore size and then transferred 
to different substrates by the dry-press method. Specifically, at FeCp2 
evaporation temperatures of 35 °C, a 4.7  cm-diameter film (MY 
DWNT) with 90% transmittance takes around 10 min by our lab-scale 
reactors. In this work, the produced CNT films were transferred to PET 
for the TCFs, to SiO2/Si substrate for overall morphology observation 
by SEM, or to quartz for absorption spectra. For TEM measurement, 
the TEM grids were put on filters to harvest CNTs for a few seconds. 
Sparsely distributed CNTs were collected onto a SiO2/Si substrate 
by the thermophoretic method for length measurement by SEM 
observation.
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Doping of CNT TCFs: To further improve the conductivity of CNT 
film, doping is generally employed. Specifically, AuCl3 was completely 
dissolved in pure ethanol with a concentration of 0.016  mol L−1, and 
then applied to the CNT film. Five minutes after doping, more ethanol 
was used to rinse the excess AuCl3, then the CNT film was dried with 
compressed air. Additionally, a 67 weight % HNO3 solution was also 
used to dope CNT films. After a doping time of 30 s, pure ethanol was 
applied to remove residual HNO3. The rest of the HNO3 doping process 
was the same as that of the AuCl3 doping.

Fabrication of CNT TCFs-PSCs: The CNT TCFs were laminated on glass 
substrates (25 × 25 mm2). For the HNO3 doping, 100 µL of HNO3 (70% 
concentration, Sigma Aldrich) diluted in deionized water (30% v/v) 
was spin-coated onto the DWNT/glass substrates at 4000 rpm for 60 s,  
followed by drying at 80 °C for 30 min and 100 °C for 10 min. A PTAA 
solution was prepared by dissolving 8  mg of PTAA (Sigma Aldrich) 
in 1  mL of 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4 
TCNQ)-added solution, which was prepared by dissolving F4 TCNQ in 
chlorobenzene (Sigma Aldrich) at a concentration of 1 wt%. The PTAA 
layer was then formed by spin-coating the solution on the DWNT (or 
ITO) substrates at 4000  rpm for 30 s, and annealed on a hotplate at 
a temperature of 100 °C for 10  min. To secure a reproducible coating 
of perovskite film on the hydrophobic PTAA layer, poly[(9,9-bis(30-
((N,N-dimethyl)-N-ethylammonium)-propyl)-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene)] dibromide (PFN-P2) (1-Material) was introduced as 
an interfacial compatibilizer. Its precursor solution was prepared by 
dissolving PFN-P2 in methanol with a concentration of 0.4 mg mL–1 and 
spin-coated on the PTAA layer at 4000 rpm for 20 s. A perovskite layer with 
a composition of MA0.6FA0.4PbI2.9Br0.1 was fabricated using a reported 
method. The perovskite precursor solution was prepared by dissolving 
461 mg of PbI2 (Tokyo Chemical Industry), 79.5 mg of methylammonium 
iodide (MAI) (Greatcell Solar), 68.8  mg of formamidinium iodide 
(FAI) (Greatcell Solar), 11.2  mg of methylammonium bromide (MABr) 
(Greatcell Solar) and 75 µL of the urea-added dimethylsulfoxide (DMSO) 
(Sigma Aldrich) in 0.55  mL of N-dimethylformamide (DMF) (Sigma 
Aldrich). The urea solution was prepared by dissolving urea (Sigma 
Aldrich) in DMSO at a concentration of 44.4  mg mL–1 to induce large 
grain crystallization of the perovskite film. The perovskite precursor 
solution was stirred for 1 hour at room temperature. The solution was 
spin-coated at 4000 rpm for 20 s. 3–500 µL of diethyl ether antisolvent 
was applied 7 s after the beginning of the spin-coating. A transparent 
film of perovskite intermediate phase was formed and changed into 
a black perovskite film after annealing at a temperature of 130 °C for 
20 min. The whole spin-coating process was conducted under controlled 
temperature (25 °C) and relative humidity (<10%). Then, C60 (20  nm) 
and BCP (6  nm) layers were deposited through a square metal mask  
(1.5 × 1.5 cm2) and a Cu electrode was deposited to complete the 
devices with an area of 0.3 × 0.3 cm2 (0.090 cm2) under a pressure of 
<5.0 × 10–6 torr inside a thermal evaporator.

Characterization: Sheet resistances of CNT TCFs on PET were 
measured with a Hewlett Packard 3485A multimeter 4-point probe 
system. The insulating PET film as the flexible substrate has a thickness 
of ≈50 um with a transmittance of ≈91% at 550  nm. A UV-Vis-NIR 
spectrometer (Perkin-Elmers Lambda 950) was employed to measure 
the transmittance of the CNT film at 550  nm. In the measurement, the 
background absorption of the PET substrate has been removed and the 
transmittance is only for the CNT film. The overall morphology of CNT 
networks and bundle length were characterized by SEM (ZEISS Sigma VP) 
under 1.0 kV. The diameter of bundles and CNTs, as well as nanoparticle 
size were measured with high-resolution TEM (HR-TEM, JEOL JEM-
2200FS) under 200  kV. Raman spectroscopy (Horiba LabRAM HR 800) 
was used to estimate the diameter and quality of CNTs with an excitation 
laser of 633  nm wavelengths. Absorption spectra of CNT films were 
obtained with a Perkin-Elmer Lambda 950 UV-vis-NIR spectrometer with 
wavelengths ranging from 200 to 2600 nm. dc
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where Rsheet is the sheet resistance, T is transmittance and Z is the 
characteristic impedance of a vacuum (≈376.73ohm).[3] Higher dc

op

σ
σ  

indicate better performance of the TCF. J–V curves of PSCs under light 
were measured using a source meter (Keithley 2400, Tektronix) at a step 
voltage of 20  mV and a delay time of 50  ms for both the forward and 
reverse scan directions. A metal aperture mask (0.13 × 0.58 cm2) having 
an area of 0.0754 cm2 was used during the J–V measurement. AM 1.5G 
illumination was simulated using a solar simulator (Solar 3A Class, 
Oriel) with a KG-5-filtered silicon standard cell. Surface topography 
measurement was conducted using an atomic force microscope (NX10, 
Park Systems) via non-contact mode. EQE spectra were obtained 
using a quantum efficiency system (IQE-200B, Oriel) with a chopper 
frequency of 100  Hz. Impedance measurement was carried out using 
VMP3 Potentiostat (BioLogic co. ltd.). PL was measured using a F-4500 
fluorescence spectrophotometer (Hitachi co. ltd.). TRPL was measured 
by using a TCSPC instrument (C11367-12 Quantaurus-Tau, Hamamatsu 
Photonics co. ltd.).
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