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Transparent conductive carbon nanotube films
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This work presents the results of a study of the fabrication of multiwall carbon nanotubes (MWCNTSs) by chemical vapour deposition (CVD),
the purification and the development of transparent conductors films (TCFs) using these nanotubes. The as produced MWCNTs had som:
impurities due the CVD method including small amounts of the iron catalyst, amorphous carbon and hydrocarbon residues from the organic
precursors. These impurities have been reported to be detrimental to both the electrical and optical properties of the TCFs. For this reasol
the purification of the nanotubes was studied using 3 different techniques. The three methods involved; A) selective oxidation in air of the
MWCNTSs followed by a hydrochloric acid solution etch to remove the iron, B) a selective oxidation ugtgfellowed by the hydrochloric

acid etch treatment, and C) an oxidation-etch procedure using a mixtueg®fahd hydrochloric acid. The best result results were obtained

using the combined £, and hydrochloric acid treatment. With this method MWCNTSs were obtained with a purity of up to 94%. The
purified MWCNTSs were dispersed in solutions of different solvents without surfactant. Thin films of MWCNT were fabricated using a
combined spray and spin coating technique, which produced a uniform deposit of controllable thickness. Either a transparent nitrocellulose-
based varnish or acrylic was used to fix the film to the glass substrate. Both the optical transparency and the electrical square resistivity of
the samples were measured by spectrophotometry and standard electrical techniques, respectively. Our results were similar to those of oth
groups in that the transparency was almost inversely proportional to the resistivity.
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1. Introduction was improved and extended for the synthesis of multiwall
(MWCNT) and single wall (SWNT) carbon nanotubes.
Transparent conducting films, TCFs, are electrically conduc-  he arc-discharge and laser-ablation techniques have lim-
tive in thin films they are widely used as a component ofitations and purification of the product must be carried out
solar cells and many other optical electronic devices. Suck, gliminate impurities. Another alternative is the chemical
films have been developed from different materials, includy a0y deposition (CVD), with this method the nanotubes are
ing indium tin oxide, (ITO), tin oxide (SnO2), and zinc oxide pyoquced by the decomposition of a carbon-containing gas in
(Zn0O). According to several researchers [1-10] ITO is one ot presence of a catalyst. CVD method [18-21] is widely
the most widely used transparent conducting oxides. Its PORjseq to manufacture nanotubes because it is possible to ob-
ularity is mainly due to two good properties, one, its electrical;, aligned CNTs of high purity, high density and in eco-
conductivity, and the other, its optical transparency, in addiyomical viable quantities. This method was originally devel-
tion, it is ease to deposit as a thin film. However, ITO is thegpeq in the 1960s and 1970s and has been successfully used
most expensive material because of the process of fabricatiqg, ihe production of carbon fibres and carbon nanofibres.
and the limited world reserves of indium. Recently, interest this paper the fabrication and characterization of the

in developing TCFs on flexible materials has increased, anﬂansparent conducting films based on MWCNTSs is pre-
for this ITO is not viable because it is fragile and tends t0ganted.

break. As consequence, in the last few years the use of car-
bon nanotubes, CNTS, based TCFs have increased. This is in
part because of the reduced cost, and higher flexibility. 2. Experimental

There are several methods for manufacturing the CNTs
including: electric arc discharge, laser evaporation/ablatior2.1. Fabrication, purification and characterization of
and chemical vapour deposition (CVD). The oldest method the MWCNTs
for the carbon nanotube manufacturing is the electric arc dis-
charge [11-14]. This method was used in the early sixtied0 develop the transparent conducting films (TCF) the
by R. Bacon [15] for the synthesis of carbon fibres, that theyMWCNTSs were fabricated using a CVD reaction of camphor
called whiskers. In 1990 Katschmer and Huffman used the and ferrocene in a nitrogen atmosphere, characterized and pu-
method [16-17] to obtain fullerenes, and later the methodified using various procedures [22,26,27].
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FIGURE 1. A schematic drawing of the gas and precursor vapour mixture injector.

The best experimental conditions had been established iidation. Initially, the MWCNTs samples were dispersed in
previous studies and consisted of the use of a 38.4 mm intesither acetone or DI water (for the gas or liquid phase, re-
rior diameter tube furnace temperature at 850an evapo- spectively) and subjected to 60 minutes of room temperature
ration temperature of 22& for the 95 wt% camphor (96% ultrasonic bath agitation to separate the large a-C particles
Sigma-Aldrich) with 5 wt% ferrocene (98% Sigma-Aldrich) from the MWCNTS. Yuet al. [28] reported that longer times
precursor mixture and a nitrogen (99.99% purity) gas flow ofcould cause significant fracture of the CNTSs.

100 ml/min at atmospheric pressure. For the first purification method the acetone-MWCNT

The MWCNTs were grown orl.5 x 3 cm pieces of sample was dripped on a 0 quartz plate to produce a dry
cleaned crystalline silicon, but the deposit formed on the insolid deposit. This was then heated to 520n a 40 ml/min
terior wall of the alumina furnace tube was also collectedflow of air for 0.5, 1.5, 3.5 or 5 hrs. The material was then me-
and used. The MWCNT deposit on the silicon was mechanehanical removed from the plates and mixed with hydrochlo-
ically removed for the characterization and the purificationric acid. The mixture was placed in an ultrasonic bath for
processes. One significant difference of our CVD setup td min then left for 1 hr. to ensure as complete as possible
other reported systems is that a precursor injector was develemoval of the iron particles. Finally, the majority of the acid
oped and used to prevent the condensation of the precurson top of the precipitated MWCNTs was removed, DI water
vapour mixture before it was introduced to the hot region ofwas added and again the excess liquid was removed after the
the furnace, see Fig. 1. MWCNTs had settled in the bottom of the recipient. This

The injector and evaporation sections of the system caprocedure was repeated three times after the sediment had
be heated independentally and tempertures of’@2&nd  dried, then ethanol was added and the agitated mixture was
215°C, respectively, were used in these experiments. Theeposited on glass plates a®) followed by a 30 min treat-
length of the injector was sufficient to ensure that the exitmentin air at 120C, this formula was used to make fully dry
is at a furnace temperature greater than°25n this way  samples for the various characterization procedures.
the precurs vapour is always at a temperature greater than its The second purification method consisted of mixing
boiling point (~175°C). The concentric outer tube, OT, and 25 ml of the water-MWCNT sample with 160 ml of a 3.5%
the inner thermal barrier tube ensured that the vacuum corsolution of hydrogen peroxide in DI water. This mixture was
nector is sufficiently cool< 60°C, to not suffer damaged then subjected to ultrasonic agitation for 2 hrs. &t®0fi-
during the experiment. The use of the injector assembly wansally 100 ml of 38% HCIl was added and the sample was left
found to significantly increase the production of MWCNTSs for 12 hrs. A dried solid sample was then prepared as in the
and permit much better reproducibility in the experiments. case of the previous gas phase oxidation.

The collected material contained various types of impuri-  The third procedure was similar to the second process
ties which could degrade the electrical and optical propertiebut 40 ml of the peroxide solution was added simultaneously
of the CNTs films. Therefore, we studied the purification ofwith 20 ml of HCI. A dried solid sample was then prepared
the deposit using three chemical procedures: a gas phase sesfor the other procedures.
lective oxidation and two types of liquid phase selective ox-
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Finally for all the sample types, the obtained material was
heat treated at 34C for 30 m.

The MWCNT samples were characterised using thermo-
gravimetric analysis (TGA) performed in air with a flow rate
of 40 ml/min using a heating rate of 40/min from 25 to
800°C, transmission electron microscopy (TEM), scanning
electron microscope (SEM), energy-dispersion spectrometry
(EDS), Raman spectroscopy, optical microscopy and X—rayz‘5 -
diffraction. |

- .

2.2. Fabrication of the transparent conducting films |‘— 3.5 em —’l

The starting point for fabrication the transparent conducting™ GURE 2. A schematic diagram of the MWCNT thin films and
films (TCFs) based on the MWCNTs was the preparatiorfl€ electrodes.

of colloidal inks to facilitate the dispersion of the nanotubes
when the glass substrates were spray coated. Three types g
inks were used:

1) Isopropyl alcohol (IPA) (99.8% pure) with between
0.00056 - 0.00127%wt of MWCNTS.

2) Acetone (99.6% pure) with between 0.00056 -
0.284%wt of MWCNTSs in a nitrocellulose-based var-
nish.

3) The acetone based colloid mixed in PMMA Poly
(methyl methacrylate).

The different colloids were agitated in an ultrasonic bath
for 50 min before being used to make the coatings.

The transparent conducting films were prepared using aji
combination of spray and spin coating. The spray system
consisted of an Adir Model 668 aerografo and thé x g= b
2.5 cm. cleaned glass substrates were mounted on an in et
house made system with an electric motor whose velocity &
could be controlled up to 15000 RPM. It was found that the ¥
optimum spray nozzle-to-substrate distance and the speed g%
rotation was different for the different liquids used for the col- ¥
loids. The thickness of the TCFs could be controlled by the %
concentration of MWCNTS in the ink and the amount of ink §
(the spraying time) used to produce the coating. The polymer,
based inks gave good adhesion of the TCF's to the glass subf™
strates, and the IPA based one was found to give a worse bul s« &
adequate adhesion.

To facilitate the electrical measurements silver dag elec-
trodes,2.5 x 0.5 cm, were made on each edge of the coated
substrates, see Fig. 2.

The characterization of the TCFs consisted of measure-
ments of the sheet resistance, the optical transmission in thes &y
visible range using a Nicolet UV300 UV-visible spectropho- i~
tometer and the variation of the sheet resistance was mea§ &
sured as a function of the temperature from <X1@o 155C
at a pressure df x 10~° Torr. The Figs. 3a) and 3b) show
micrographs of the MWCNTSs grown on the silicon substratesFicure 3. Micrographs of the MWCNTS: a) grown on the silicon
and those collected from the furnace walls, respectively.  substrates, b) MWCNTSs collected from the furnace walls.
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3. RESULTADOS whilst the material grown on the furnace walls, on average,
had up to 73 layers. The TEM images also showed that both
This study is made up of three interconnected stages; the preypes of deposits had quite a large concentration of particulate
duction and treatment of the MWCNTS, the elaboration of thempurities on the outside of the MWCNTSs and considerable
MWCNTSs containing inks and finally the fabrication of the evidence of folding and distortion of the nanotube walls.

TCFs. Figures 4a) and 4b) show TEM micrographs of the
MWCNTs grown on the silicon substrates and those collected
3.1. Characterization of the fabricated MWCNTs from the furnace walls, respectively.

The Figs. 5a) and 5b) show the results of the TGA mea-
Analysis of the SEM micrographs using the Imagefocus softsurements for the silicon substrate and furnace wall MWC-
ware indicated that the average length of the MWCNTSNTS, respectively. It can be clearly seen that the furnace
grown on the silicon substrate was géh with a significant  wall deposit contained a much larger concentration of im-
distribution from approximately &m to more than 4Qum  purities. Furthermore, the residual mass (iron oxide) after
and on the furnace walls the average length wasn8nith a  heating the samples to 800 in air, for the silicon substrate
majority from 3 to 20um, see Fig. 3a and b. TEM images of and wall deposits, was-5%wt and~22%wt, respectively.
the deposits, Fig 4a and b, showed that the average externghis indicated that much of the material seen on the outside
and internal dimensions of the MWCNTs grown on the sub-ayers of the MWCNTSs was probable iron based compounds.
strates and the furnace walls were: ExR27 nm, Inb,s  The decomposition of the silicon substrate sample occurred
8 nm, and ExR, 63 and InQyy 14 nm. This meant that the at the temperatures 6588 and~608C. For the furnace
MWCNTSs grown on the silicon had approximately 27 layers,wall sample the main decomposition occurred-&60°C.

FIGURE 4. TEM micrographs: a) MWCNTs grown on the silicon substrates and those collected from the furnace walls, b) MWCNTs
collected from the furnace walls.
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FIGURE 5. TGA results a) For the silicon substrate, b) For the furnace wall MWCNTS.
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2.4 ucts and the majority of the iron compounds, and secondly,
to improve the dispersion of the MWCNTSs during the TCF
formation. Previous experiments had shown that an adequate
mix of MWCNTSs from the silicon substrates and the furnace
wall was a mix 1:10 by weight.
The analysis by Raman, EDX, SEM, TEM and TGA
I techniques showed that the third purification process based
! on selective oxidation using a combination of® and HCI
{ ' was the best treatment method of the MWCNTs. With this
\ procedure up to 94% of impurities were eliminated, includ-
\ ing amorphous carbon, graphite, and metallic compounds
” -w ’, \ and particles. Both of the other methods eliminated approxi-
T mately 86% of the impurities. Therefore, for the rest of this
— Wall MWCNTs study we will only report the results of the MWCNTSs purified
= SRR IR using the third method.
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FIGURE 6. Raman spectra for the silicon substrate and furnace wall ] o ]
MWCNTS. The conducting thin films were fabricated from the MWCNT

inks by a combination of spray and spin- coating. For this

The majority of the Raman measurements were carriesvork the TCF films were prepared using both purified MWC-
out in an apparatus that could register spectra of wavenuniNTs, by the second selective-oxidation method, and non-
bers greater than 200 crh. A few measurements were made purified MWCNT inks.
using a more sophisticated spectrometer at lower wavenum- To obtain a stable colloid (little or no sedimentation in 30
bers, but no evidence of the existence of radial breathmins) with well-dispersed nanotubes, the best results were
ing modes associated with single wall nanotubes was obebtained using 0.00056%wt and 0.00127%wt of MWCNTSs
served. The Raman spectra of both the silicon substratié acetone and isopropyl alcohol, respectively. The best adhe-
and furnace wall samples were typical of MWCNTS, seesion between the MWCNTSs films and the substrate, evaluated
Fig. 6. Three characteristic peaks were observed: the D bargy rubbing the film with a Q-tip, was obtained with the rate of
(~1350 cn1!), the G band {1580 cnt!) and the G’ band  1:100 of MWCNTSs films in the nitrocellulose-based varnish.
(~2700 cnt!). The ratio of the intensity of the D/G, G’/G The optimum spraying distance to produce a uniform coating
and G'/D peaks showed that the |(Difz) > I(D/G)sups  Was 23 cm and 38 cm, respectively for the acetone-based and
(G'IG)yai > I(G'IG)supsand that I(G'/Dyay ~ I(G'/G)sups  isopropyl alcohol inks, and the optimum spin velocity was
which implied, in agreement with the TGA analysis, that thedetermined to be 1300 rpm independent of the type of ink.
furnace wall sample contained a larger concentration of carExamples of various uniform TCF films are shown in Fig. 7.

bon based impurities, such as amorphous carbon and graphite
nanoparticles [29]. 3.4. Characterization of the surfaces of the MWCNTs

films using SEM technique

3.2. Results of the refinement processes of the MWCNTs
The morphology analysed by SEM of the surfaces of the

The treatment of the MWCNTSs was performed firstly to pu-MWCNTS films fabricated from non-purified and purified
rify the samples by removal of the non-nanotube carbon prodinks based on isopropyl alcohol, are shown in Figs. 8a) and

FIGURE 7. Transparent MWCNT films deposited on glass substrates using the optimum conditions described in the text, a) 0.00127%MWCNT

in Acetone, b) 0.00127%MWCNT in acetone and nitrocellulose-based varnish y ¢) 0.00127%MWCNT in Isopropyl alcohol.

Rev. Mex. Fis63 (2017) 439-447
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FIGURE 8. The morphology of TCFs made using MWCNTSs isopropyl alcohol colloid, a) contains the non-purified MWCNTSs
(ps = 2.7 ©/0), b) contains the purified MWCNTg( = 3.1 kQ2/00).

FIGURE 9. The morphology of TCFs made using MWCNTSs mixed with nitrocellulose-based varnish, a) contains the non- purified MWCNTSs
(ps = 109.7 kQ2/00), b) contains the purified MWCNTp¢ = 5.7 kQ2/0J). To allow an easy comparison of the images the size of each has
been adjusted so that the magnification is approximately the same.

Rev. Mex. Fis63 (2017) 439-447
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FIGURE 10. The morphology of a TCF film made using purified MWCNTs mixed with PMMA (= 4.3 kQ2/0). To allow an easy
comparison of the images the size of each has been adjusted so that the magnification is approximately the same.

and 8b). It can be seen that the non-purified sample contains = = MWENTs - isopropyl.alconol .
. . . . ——MWCNTs - acetone - nitrocellulose varnish
obvious particulate impurities but the nanotubes appear to be - - -~ MWCNTSs - acetone - acrylic .

very similar in both samples. The sheet resistance of both 807
samples was within the experimental error the same; approxi- ]
mately 3 K2/square. Figs. 8a) and 8b) shows the morphology
of TCF.

To allow an easy comparison of the images the size of
each has been adjusted so that the magnification is approxi-
mately the same.

Figures 9a) and 9b) show micrographs of TCFs made us- -
ing acetone MWCNTSs colloids mixed nitrocellulose-based T
varnish. Again several large pieces of contaminants can be 30'; )
seen in the non-purified sample and these pieces appearto 254 .-~ )
disturb the intermixed mesh of CNTs, and this possibly ex- =
plains the significantly larger sheet resistance of this sample.
In the larger magnification micrographs it can be seen that the
MWCNTSs have a conformal coating of the varnish, but theyFIGURE 11. The transmission spectra of typical TCFs samples
are not completely immersed in the varnish. made using colloids of MWCNTS in isopropyl alcohol, acetone-

The Fig. 10 shows micrographs of TCFs made using th@C¢"Y!ic and acetone-nitrocellulose.

colloids of the purified MWCNTSs in acetone mixed with ference effects related to the glass substrate. The difference

sP;\AmMeAe.lsE;(/) errlr;[zzl;gﬁ tlr;i gﬁgﬁfﬂn?;a&oen Foif Spogge;nvéagb;h;%etween the transmission for wavelengths greater +h00
structure of the film is different; the nano’[%t;es appear to bgm 'S due to the relative absorption of the of the different
; : . N P . atrix materials, but the form of the three spectra is similar.
immersed in a gelatinous medium. However, the sheet resis-

tance of the film is similar to that of the other purified MWC- 3.6. Resistance as a function of the temperature
NTs samples.
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Figure 12 shows the resistance of the MWCNTSs films as
3.5. Optical and electrical characterization of the TCFs  a function of the temperature for TCF samples made from
MWCNTs-isopropyl alcohol colloid. It can be observed that

Figure 11 shows the transmission spectra of the TCFgq resistance decreased as the temperature was increased.
made using isopropy! alcohol, acetone-acrylic and acetonerpis pehaviour was found for all the TCF samples.
nitrocellulose colloids; all samples were approximately the

same thickness and contained the same weight percentage; Resistivity surface as a function of transparency

of purified MWCNTSs. The increase in the spectra at wave-

lengths (300-340 nm) lower than for the minimum in the The Fig. 13 shows the variation of the sheet resistivity of the
transmission is an artefact of the measurement due to inteffCFs, deposited on glass substrates, as function of the optical

Rev. Mex. Fis63 (2017) 439-447
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FIGURE 12. Resistance as a function of the temperature of a TCF
made from Trans ink.
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FIGURE 13. Surface resistivity as a function of the transparency of
the MWCNTSs films.
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FIGURE 14. Comparison of the results from this study with pub-
lished data.

4. Conclusions

The CVD method using camphor and ferrocene as precur-
sors was seen to provide a reproducible fabrication process
for MWCNTSs. Two different groups of CNTs were obtained
one from deposits on silicon substrates placed in the centre of
the tubular furnace and the other was collected from the wall
of the furnace. The fabrication process was sufficiently effi-
cient that more than 2 gr of MWCNT could be collect from
the two sources.

It was observed that the MWCNTSs collected from the
wall typically had more than 70 layers while the MWCNTSs
from the silicon substrates had approximately 30 layers.

The best purification procedure of the MWCNTs was by
the selective oxidation in $#0, combined with hydrochlo-
ric acid. With this method MWCNTs with purities up to
94%, without metallic and carbons nanoparticulas, could be
obtained. In addition, this process did not appear to cause se-
vere damage to the nanotubes and a total of 70% of the initial
weight was maintained.

A combination of spray and spin coating was used to fab-

transmission of the sample at 550 nm. It can be seen that, &§ate the uniform MWCNT films on glass substrates.
expected, for each group of films the transparency was larger The quality of the TCFs defined as the optical transmis-
for the more resistive films indicating that the properties aresion at 550 nm divided by the sheet resistance, was high-

strongly determined on the concentration of MWCNTSs in-

est for the MWCNTs-isopropy! alcohol colloid precursors,

corporated in the film. In agreement with the data showrfollowed by the MWCNTSs in acetone-nitrocellulose and the

given resistivity, where the TCFs made using isopropyl al-was mainly due to the lower transparency of the acrylic.

cohol, followed by the acetone-nitrocellulose and finally the
acetone-acrylic samples.
Guang-Hui Xuet al. [30]in 2011 published a comparison

The sheet resistance and the transparency of the TCFs
prepared in this study were similar to the values reported by
other groups.

of the results of the surface resistivity versus transmittance at
550 nm of samples prepared by a large number of groupscknowledgments
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