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a b s t r a c t

We report a study of the growth of conductive single-wall carbon nanotube (SWCNT) films with ultra-
high transparency (typically above 98% at 550 nm wavelength) on quartz substrates. Ferritin was used
as the catalyst precursor and ethanol as the carbon feed. The effects of experimental parameters on film
structure and performance have been investigated. Catalyst concentration and pre-annealing of the sub-
strate after catalyst deposition seem to be important parameters to optimize the resulting films. Analysis
of these trends gives further insight into the mechanism of SWCNT film growth and termination, which
may contribute to more effective synthesis of SWCNT films.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

One of the most promising applications of single-wall carbon
nanotubes (SWCNT) is the fabrication of thin conductive films.
Their excellent electrical conductivity and high optical transpar-
ency make them attractive coating materials for a large number
of devices and may become a potential replacement for indium
tin oxide (ITO) glass. Although it is widely used today in most
transparent conducting electrodes (TCE), ITO exhibits some limita-
tions for current and future opto-electronic applications. Not only
the long-term availability of indium may present a problem, but
also technically ITO might be surpassed by SWCNT in aspects such
as optical, chemical, and structural performance [1]. Consequently,
fabrication methods of TCEs have received extensive attention in
recent literature. In the majority of the methods investigated, car-
bon nanotubes are prepared ex situ and transferred to a substrate
as a suspension [2–8]. In general, the as-synthesized SWCNTs are
post-treated in order to purify the nanotubes and facilitate the
application of the suspension onto the substrate by different tech-
niques, including transfer printing [2,3], filtration [4,5], spray [6],
dip-coating [7], and drop casting [8]. Typically, the post-treatment
that produces the suspension includes sonication, acid or caustic
attack, use of a surfactant, etc. Most of these methods have a neg-
ative impact on film performance. Acid or caustic attack and soni-
cation may cut the nanotubes and introduce defects. External
surfactants or dispersant may also be detrimental to conductivity.
They may be difficult to remove completely and their presence
incorporates an electrical barrier that increases the contact resis-
tance between nanotubes, increasing the resistance of the network.
ll rights reserved.
In addition, the as-synthesized SWCNTs are often in the form of
bundles and typical post-treatment methods are not effective in
de-bundling them. As discussed below, bundling further limits film
conductivity and, as a result, it is difficult to produce thin SWCNT
films with low sheet resistance [9]. Moreover, in some applications
of TCEs, such as display panels, ultra-high transparency is a feature
even more desirable than conductivity. But these methods cannot
produce films of such high transparency. Therefore, in this contri-
bution, we have explored methods to simultaneously reduce sheet
resistance and maximize transparency into the ultra-high region
(i.e. >98%).

The approach that we have explored is the in situ production of
transparent films. Growth of clean SWCNT arrays grown on flat
substrates by chemical vapor deposition (CVD) has been recently
reported [10–13]. Relatively long and parallel SWCNTs are grown
along specific crystallographic axes of the crystals due to a prefer-
ential nanotube-substrate interaction. However, the use of these
arrays in TCEs is limited by the anisotropic electrical properties
caused by their particular morphology [14,15]. Isotropic thin films
appear as a more suitable structure to maximize conductivity at
high transparency.

Selection of the catalyst that facilitates the nanotube growth is
critical. Depending on reaction conditions, Fe can be effective in
catalyzing the selective growth of SWCNT [16]. A common protein,
ferritin has been widely used as catalyst precursor, particularly for
studies on flat substrates. Ferritin can be conveniently applied onto
substrates by dipping [17] or spin-coating [18]. Previous efforts on
SWCNTs synthesis involving ferritin include either growing
SWCNT arrays on substrates such as ST-cut quartz and sapphire
[13,19,20], which result in electrical anisotropy as discussed ear-
lier, or discrete SWCNTs [17,18], which were not continuous en-
ough to form conducting networks. Recently, two-dimensional
networks have been grown using ferritin as the catalyst precursor
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[21]. However, they were formed on non-transparent silicon sub-
strates, so no optical transmittance test was conducted on them.
In addition, the reported sheet resistance was rather high,
770 kX/square. In this work, we have found that that ferritin is
an effective catalyst precursor when combined with water-doped
ethanol as carbon feed. Under these conditions, conductive SWCNT
films with ultra-high transparency on transparent quartz sub-
strates have been successfully synthesized. In an effort to optimize
the film performance, we tested catalyst annealed in air for differ-
ent times, as well as using aqueous solutions of ferritin of varying
concentrations. Scanning electron microscope (SEM) and Raman
spectroscopy were used to characterize the SWCNT films. The
optoelectronic performance of the films was monitored by measur-
ing the sheet resistance and optical transmittance on the same
samples. The observed relationships between catalyst/SWCNT film
structure and growth parameters (annealing time, catalyst concen-
tration) provide further insight toward the tailoring of films with
controlled properties.
2. Experimental

Transparent quartz substrates were washed thoroughly with
soap and dipped in piranha solution (i.e. one part of hydrogen per-
oxide in three parts of sulfuric acid) for 15 min at room tempera-
ture. After this treatment the samples were rinsed with acetone
and isopropanol and blown-dried under nitrogen flow. Ferritin
(Type I, saline solution, Sigma–Aldrich) was diluted in distilled
water by 10, 30, or 200 times to achieve iron concentrations of
100 mM, 33 mM, and 5 mM (indicated below as C100, C33, and
C5). Each solution with the selected ferritin concentration was
spin-coated onto the quartz substrate on a spinner (Laurell WS-
400-6NPP-LITE) at 5000 rpm for 10 s. The substrate was then dried
in a vacuum oven at 90 �C for two hours and annealed in air at
900 �C for a specified time of 0, 10, 20, 30, 45, or 60 min (indicated
below as A0, A10, A20, A30, A45, and A60).

Growth of SWCNT films on the quartz/catalyst substrate was
carried out in a horizontal furnace (Lindberg/Blue). In each run,
the substrate was placed at the center of a one-inch tube reactor
and heated up to 925 �C in H2. Then, ethanol mixed with 0.5% of
water was injected at a rate of 0.30 ml/h along with Ar and H2

(35 sccm total flow, �3:1 M ratio) for 20 to 30 min. We identify
the samples used in this study with the notation Cx � Ay � Rz,
where x is the ferritin concentration in mM, y is the annealing time
in minutes, and z is the reaction time in minutes.

Sheet resistances were measured on a test meter (JANDEL
HM20). Current–voltage measurements were conducted on a
Keithley SourceMeter (2410), by applying the electrical probes
onto silver electrodes (Ted Pella) painted on the two extremes of
the SWCNT film. Transmittance spectra were obtained on a Shima-
dzu UV–Vis spectrophotometer (UV-2450). Raman spectra were
acquired on a Jovin Yvon-Horiba Lab Ram equipped with a
charge-coupled detector and a He–Ne laser (632 nm) as excitation
source. SEM analysis was carried out on a FEI Quanta 600 field-
emission gun environmental scanning electron microscope.
3. Results and discussion

Figure 1 shows a photograph of one of the transparent SWCNT
films obtained from a Fe catalyst film prepared from a solution of
ferritin (in this case, C33-A60-R30). The SWCNT film exhibited a
sheet resistance of 7.1 kX/sq and transmittance of 98.4% at
550 nm wavelength, a remarkably high transparency compared
to other films [22,23]. The corresponding dc electrical conductivity
was calculated to be around 3.9 � 104 S/m, which is twice as that
reported for a pure CNT bucky paper [24]. As seen in the image,
the substrate with the SWCNT film (right) displays a transparency
hardly distinguishable from that of the plain substrate (left), which
had a transmittance of 99.5%. The SEM images for this same sample
at different magnifications are shown in Figure 2. The low-magni-
fication SEM image (Figure 2A) demonstrates the uniform coverage
of the substrate by the SWCNT film. The higher-magnification
images (Figure 2B and C) reveal that the film is composed of essen-
tially unbundled and long nanotubes that interconnect and form a
continuous network. It is worth noting that, at the acceleration
voltage (20 kV) used for all the SEM observations, no charging ef-
fect was observed, which is an indication of a high electrical con-
ductivity of the film.

The observed uniformity of the films can be largely attributed to
a uniform distribution of the Fe clusters that catalyzed the growth
of nanotubes. The uniform distribution of the metal can be attrib-
uted to two important aspects of the preparation of the film. The
first one is the pretreatment of the surface with piranha solution
that renders the substrate highly hydrophilic and the second one
is the high spinning speed (5000 rpm) used in the spin-coating
step. The long nanotube length and individuality (i.e. no bundling)
observed on these SWCNT films are in sharp contrast to those typ-
ically observed in films made from solution, in which the nano-
tubes have been shortened to get dispersed, but tend to form
bundles as they dry from the suspension [8]. Theoretical and
experimental studies have shown that long and individual SWCNTs
have a significant advantage in generating films of high conductiv-
ity [2,25–27]. It has been demonstrated that the film resistance is
largely dominated by the resistance of the nanotube–nanotube
contacts [28]. Therefore, the lower the number of junctions in
the film, the higher is the overall conductivity.

The Raman spectrum for the same sample (Figure S1) shows
that the intensity ratio between the G band (ca 1582 cm�1, signa-
ture of a sp2 carbon structure) and the D band (ca 1350 cm�1, due
to disordered carbon) is high (�16) and indicative of low defect
concentration in the nanotube and an overall good quality. And,
most importantly, such a high G/D ratio is indicative of SWCNTs
rather than MWCNTs (multi-wall carbon nanotubes). The radial
breathing mode (RBM) could not be seen due to the strong scatter-
ing appearing in this region from the quartz substrate [19].

We have investigated the effect of varying the experimental
parameters on the resulting film morphology and, consequently,
performance. While there are multiple parameters that could be
adjusted, in this study we have focused on systematically varying
those that we predict could be most crucial, while keeping the
other parameters unchanged. The first parameter that we analyzed
is substrate annealing time. In this comparison, we used a C33 fer-
ritin solution and 20 min reaction time while varying the annealing
time. The results are summarized in Figure 3. It can be observed
that the sheet resistance generally decreases with increased
annealing time, from above measurement range of the test meter
(�1 X/sq – �10 MX/sq) with no annealing to 12.6 kX/sq at
60 min. At the same time, the transmittance at 550 nm is seen to
gradually and slowly decrease with annealing time from 99.6% at
10 min to 99.3% at 60 min. Interestingly, without annealing, the
observed optical transmittance was even lower than with
annealing.

To interpret the observed trends, the surface of the films was
characterized by SEM (see Figure 4), which helped us evaluate
the morphology changes caused by the annealing process. Without
annealing of the substrate, no SWCNTs could be observed on the
substrate. With 10 min annealing, a rather open network com-
posed of short tubes was obtained, with an approximate surface
density of �5 tubes/lm2. Starting from 20 min, a denser and more
interconnected network was formed as the annealing time in-
creased; the tube surface density was observed to increase by
about ten times to �50 tubes/lm2, which corresponds well with



Figure 1. Optical photo showing quartz substrates without (left) and with a SWCNT film (right). The black dot on the bottom left corner of the right substrate was used as a
marker for the side with the film.

Figure 2. SEM images of the SWCNT film at magnifications of 15 000� (A), 50 000� (B) and 100 000� (C).
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Figure 3. Sheet resistance and transmittance (at 550 nm) as a function of annealing time.
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Figure 4. SEM images of SWCNT films obtained with annealing time of 0 min (A), 10 min (B), 20 min (C), 30 min (D), 45 min (E), and 60 min (F).
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the increase in film conductivity. The changes in morphology also
correspond with the changes in transmittance. That is, the open
film obtained with only 10 min annealing time resulted in the low-
est SWCNT coverage and highest optical transmittance. Without
annealing, an amorphous shell associated with the organic frac-
tions of the ferritin still remained on the substrate, causing deacti-
vation of Fe [29]. In addition, these fragments increase the
absorption of light but do not enhance conductivity. Therefore, this
sample exhibited high resistance and low optical transmittance.

The clear correlation observed between the catalyst annealing
time and the film morphology (performance) can be explained in
terms of the process of SWCNT growth and termination. In a recent
study on the growth of aligned SWCNTs on ST-cut quartz sub-
strates [30], we have observed that the termination of the nano-
tube growth was accelerated by nanotube–nanotube interaction
that leads to hindrance of the growth and subsequent catalyst
deactivation [31]. The introduction of controlled amounts of water
was seen to effectively keep the catalyst particles active by gasify-
ing the carbon deposits. We found that including 0.5% water in the
liquid feed was efficient to avoid rapid deactivation. While lower
water contents caused no noticeable improvement, more water
led to complete etching of carbon nanotubes. On the other hand,
it is well known that high temperature treatments (e.g. during
annealing) lead to metal particle sintering [32]. As can be seen
from the higher-magnification SEM images of the annealing series
(Figure 5), when the samples were annealed for less than 30 min,
the sintering of the catalyst particles did not result in particle
growth large enough to be detectable. By contrast, annealing treat-
ments for more extended periods (e.g. 45 and 60 min) led to parti-
cles large enough to be clearly observed by SEM.

It is important to point out that annealing time was the only
variable changed in this series. That is, the observed decrease in
sheet resistance with increasing annealing time must be related
to the increasing size of the catalyst particles. It has been previ-
ously demonstrated [33–35] that there is a direct correlation be-
tween the size of the metal clusters that catalyze the growth of
SWCNTs and the nanotube diameters, i.e. larger metal clusters gen-
erate nanotubes of larger diameters. Therefore, one needs to ex-
plain why this diameter increase causes a corresponding increase
in electrical conductivity of the film. Our proposed explanation is



Figure 5. Higher-magnification SEM images of SWCNT films obtained with annealing time of 20 min (A), 30 min (B), 45 min (C), and 60 min (D). Catalyst particles are larger
in (C) and (D) in comparison to those in (A) and (B).
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that the growth hindrance caused by nanotube–nanotube interac-
tion is less pronounced when the diameter is larger, since larger
diameter implies higher nanotube rigidity. Therefore, one can
anticipate that these nanotubes should be longer and thus of high-
er conductivity. At the same time, Dai et al. [36] have shown that
contact resistance seems to increase significantly for the small
diameter nanotubes.

In addition to investigating the effect of annealing time, we
evaluated the effect of varying the metal concentration of the fer-
ritin solution. For this comparison we fabricated films with varying
ferritin concentration (C5, C33, and C100), while keeping the rest of
the parameters constant. That is, all the samples in this series were
subject to 60 min annealing and 30 min reaction. The results of the
optoelectronic performance are summarized in Figure 6.

First, it is observed that the optical transmittance of the film de-
creased with increasing ferritin concentration. The sheet resis-
tance, on the other hand, went through a minimum at C33. This
behavior can be rationalized in terms of the film morphology ob-
served in the SEM images (Figure 6B–D). It can be seen that, at high
Fe concentration, relatively large Fe clusters were formed on the
substrate. It appears that the high concentration of ferritin precur-
sor not only decreases the transparency but also reduced the con-
centration of nanotubes formed. Instead of the tight network
observed at intermediate Fe concentrations, a relatively sparse
structure with an apparent surface density of �40 tubes/lm2 is ob-
tained at high concentrations. At the lowest concentration end,
very small catalyst particles were formed after annealing. As can
be compared in Figure 6B and C, no catalyst particles are visible
on the sample made with C5 solution while they are clearly ob-
served on the one made with C33 solution. As discussed earlier,
smaller particles generate small diameter nanotubes, which are
more easily hindered by interaction with other tubes and termi-
nate growth more quickly. As a result, shorter tubes are produced,
evidenced by a larger number of tube tips but lower tube density
(i.e. �7 tubes/lm2) observed in the image. Therefore, on the film
made with the C5 solution, a higher transparency but lower con-
ductivity were obtained compared to that made with C33 solution.
The C33 film, on the other hand, has a tube density as high as �70
tubes/lm2.

It is also worth noting that the C33-A60-Rz sample of this series
showed higher conductivity and lower transmittance than the
C33-A60-Rz sample of the annealing series. This difference can
be ascribed to the additional 10 min of reaction that the latter
underwent. This result indicates that reaction time is another
important parameter that one can use to optimize film
performance.

A popular method used by researchers to quantify performance
of transparent conducting electrodes (TCE) is based on the follow-
ing equation [37]:

T ¼ 1þ 1
2Rs

ffiffiffiffiffiffi
l0

e0

r
rop

rdc

� ��2

Where T is the transparency measured at 550 nm, RS the sheet
resistance, rdc the electrical conductivity, rop the optical conduc-
tivity, l0 = 4p � 10�7NA�2 the free space permeability, and
e0 = 8.8542 � 10�12C2N�1 m�2 the free space permittivity. For a gi-
ven sheet resistance, the lower is the value of the rop/rdc ratio, the
higher is the transparency of the film. Therefore, films with low
rop/rdc ratios are good candidates for TCEs. For example, to reach
a sheet resistance of 15 kO/sq at a transparency of 98% the required
ratio is 2.5. However, to increase the transparency to 99.5%, the ra-
tio should decrease to 0.15.

The rop/rdc ratios obtained for the two series in this study are
listed in Table 1. We compared transparency-sheet resistance data
reported in several recent publications on transparent conductive
SWCNT films (Table S1) with those in this study. While small ratios
have been obtained in the intermediate transparency region, in the
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and reaction lasted for 30 min.

Table 1
rop/rdc values of the samples from this study.

Sample Name rop/rdc

Annealing Series
C33-A10-R20 0.36
C33-A20-R20 0.21
C33-A30-R20 0.25
C33-A45-R20 0.24
C33-A60-R20 0.23

Concentration Series
C100-A60-R30 0.93
C33-A60-R30 0.30
C5-A60-R30 0.44
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Figure 7. Transmittance vs. sheet resistance in this study and literature.
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ultra-high transparency region, open circuit are often observed (i.e.
rop/rdc infinitely large). By contrast, the films reported in this con-
tribution for the annealing series have transparencies above 99%
and rop/rdc ratios with an average of 0.26. Figure 7 shows the re-
sults of the annealing series along with some data extracted from
recent literature. Using the average rop/rdc ratio of 0.26 one can
extrapolate the high transparency data to the lower range for com-
parison with the less transparent films.
4. Conclusions

We have synthesized conductive SWCNT films with ultra-high
transparency on transparent support. The high conductivity and
transparency are attributed to the intrinsic advantages of the
in situ procedure (as compared with methods based on deposition
from solution) that resulted in long and unbundled nanotubes.
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