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This work focuses on the elaboration of sorted semi-conducting single walled carbon
nanotube films (SC-SWCNT films), and the evaluation of a gas microsensor based on
these films. First, we show that semi-conducting carbon nanotubes could be sorted from
solutions containing both metallic and semi-conducting nanotubes by ultracentrifugation
in a density gradient. SC-SWCNT films were then obtained by filtration through a
nitrocellulose membrane, then transferred on TLM (transmission line method) electrodes to
separately measure the resistivity and the contact resistance. We finally show characteriza-
tion results obtained using NO, and NHs3 as a target gas.

© 2010 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

RESUME

Le travail présenté concerne I'’élaboration de films de nanotubes de carbone monoparoi
triés semi-conducteurs (SC-SWCNT), ainsi que la caractérisation de micro-capteurs de gaz
fabriqués sur la base de ces derniers. Nous exposons d’abord la méthode de centrifugation
dans un gradient de densité utilisée pour trier les CNT semi-conducteurs des CNT
métalliques. Des films de SC-SWCNT sont ensuite obtenus par filtration a travers une
membrane en nitrocellulose, puis transférés sur des électrodes de type TLM (transmission
line method) pour évaluer séparément leur résistivité et leur résistance de contact. Les
résultats de caractérisation sur NO, et NH3 sont enfin présentés.

© 2010 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Since their discovery by Iljima et al. in 1991, much research has been conducted on carbon nanotubes (CNT) and related
carbon-based nanomaterials. Carbon nanotubes, composed exclusively of surface atoms, show a high sensitivity to their
environment. Dai et al. [1] were the first to use carbon nanotubes as a base material for gas sensing applications, stressing on
their high sensitivity, but low selectivity. Many other research works have been conducted so far on CNT-based gas sensors
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Fig. 1. TEM pictures of (a) unsorted SWCNT and (b) sorted SWCNT.

[2,3], employing different strategies to increase the selectivity of the studied sensors. Using polymer functionalization [4]
the authors could reduce the response to NH3 or NO; by using respectively Nafion or polyethyleneimine (PEI) coatings.
Following another lead, others showed that nanotube decoration using metallic nanoparticles [5] allows sensing of other
types of gases such as hydrogen.

As a proof of the potential of the CNT-based sensor technology, CNT-based gas and biosensor technologies reached the
industrial scale, NANOMIX being the major actor in this field.

Interestingly, the comprehension of the physics of the CNT/gas molecule interaction has not reached a consensus yet. The
sensitivity of CNT to gas molecules is currently explained by two theories. The generally accepted mechanism is chemical
doping on the surface of carbon nanotubes involving charge transfer between gas molecules and p-doped carbon nanotubes.
This mechanism is consistent with the evolution of the resistivity upon exposure to an electron donor or acceptor gas,
respectively NO, and NHs, and was confirmed by ab-initio calculations. On the other hand, Bondavalli et al. interpret the
response of CNT-based gas sensors by a different mechanism: a modification of the Schottky contact between the semi-
conducting nanotubes and the electrical contacts [6]. Using this approach, and varying the electrode metal, the authors
reported a matrix of CNT-based gas sensors aiming at the analysis of complex atmospheres by recognition of different gas
fingerprints.

In this work, we chose to play on the nanotubes themselves as a way of improving the sensitivity to CNT-based gas
sensors. To do so, we first focused on the CNT sorting operation, recently demonstrated by Hersam et al. [7] using density
gradient ultracentrifugation (DGU). The sorted nanotubes were then structured in films and transferred onto electrodes for
resistivity measurements. The transmission line method (TLM) was used to monitor separately the resistivity of the films
and the contact resistance. In this article, we will first expose the sorting method used, and characterization of the sorted
nanotubes. The second part of the article focuses on the characterization of the fabricated sensors using NO, and NH3 as a
target gas.

2. Sorting of nanotubes

Single walled carbon nanotubes (SWCNT) are purchased from Carbon Solutions, Inc., California. They are obtained by
electric arc discharge and are composed of 70-90% SWCNT. The mean diameter of SWCNT is estimated from transmission
electron microscopy (TEM) at 1.35 nm (Fig. 1a).

SWCNT are dispersed in an aqueous solution as follows: 40 mg of SWCNT are dispersed in 10 ml of water with 2% w/v
sodium cholate (Sigma-Aldrich, Inc.). The dispersion is sonicated using an ultrasonic tip at 240 W for 1 h. The resulting
solution is centrifuged at 160000g for 1 h with a Beckmann Coulter SW41 rotor. A precipitate is formed at the bottom of
the centrifuged tube. This preliminary selection step allows the removal of the heaviest particles. The supernatant is then
collected. It consists of a homogeneous opaque solution composed of semi-conducting and metallic SWCNT. In order to sort
semi-conducting single walled carbon nanotubes (SC-SWCNT), we propose to use the density gradient ultracentrifugation
process developed by M.C. Hersam [7].

Aqueous dilutions of iodixanol containing 1.4% w/v sodium cholate and 0.6% w/v sodium dodecyl sulfate (Sigma-Aldrich,
Inc.) are used as a density gradient media. A linear mass density gradient ranging from 1.08 to 1.19 is then formed in a
centrifuge tube by using a linear gradient maker. After the formation of the gradient, 1.5 ml of 60% w/v iodixanol is added
at the bottom of the centrifuge tube. 1.8 ml of a solution composed of SWCNT supernatant mixed with iodixanol (27.5%
w/v) is injected into the bottom of the gradient. The top of the tube is filled with an aqueous solution containing 1.4% wj/v
of sodium cholate and 0.6% w/v of sodium dodecyl sulfate.

This preparation is then centrifuged for 14 h at 160000g. After this step, a pink layer is clearly observed at the top of
the density gradient. This layer is collected using a flat opened needle.



Y. Battie et al. / C. R. Physique 11 (2010) 397-404 399

1.8
SC-SWCNT

1.6 1 —— unsorted SWCNT

1.4
1.2

0.8 1

Absorbance

0.6 1
0.4
0.2

400 600 800 1000 1200
Wavelength (nm)

Fig. 2. Normalized UV-vis-IR spectra of the unsorted SWCNT and sorted SWCNT.
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Fig. 3. Architecture of the sensor, comprising TLM electrodes and the SC-SWCNT film.

Normalized UV-vis-IR spectra of the collected layer and of the unsorted SWCNT are reported in Fig. 2. The spectrum
of the unsorted SWCNT presents two broad bands centred at 1015 nm for E;; and 710 nm for Myy. These bands are also
observed at the same wavelengths in the spectrum of the sorted sample. The band position essentially depends on the tube
diameter. This result means that the diameter of the SWCNT does not vary during the procedure. The mean diameter of
SWCNT is estimated from absorption spectra at 1.4 nm [8]. It is in accordance with the diameter distributions obtained by
TEM microscopy (Fig. 1a, b).

The amplitude ratio between the Ey; and the My; bands can be used to estimate the relative concentration of SC-SWCNT
in the samples [7]. The unsorted sample and the sorted sample are respectively composed of 67% and 93% of SC-SWCNT.
It confirms that the sorted sample is enriched in SC-SWCNT by enhancing the mass differences between the tubes by a
specific non-covalent adsorption of surfactants.

The SC-SWCNT film is obtained by filtration of the sorted SC-SWCNT solution through a nitrocellulose membrane (pore
size 200 nm).

3. Microsensor design and fabrication

In order to monitor separately the resistivity and the contact resistance of the nanotubes, the transmission line method
(TLM) was used. The microsensor architecture is presented in Fig. 3. It consists of six platinum electrodes deposited on an
insulating layer, covered by a film of sorted SC-SWCNT. Platinum is chosen for its temperature stability and for its chemical
inertness.

The fabrication process is presented in Fig. 4. First of all, undoped silicon substrates are covered by a 200 nm thick layer
of thermal oxide to provide electrical insulation. An 80 nm Pt layer is then deposited by sputtering and patterned by lift-off
to fabricate the electrodes. Adhesion of the metal on the SiO, insulation layer is obtained by etching prior to deposition
during 30 s at 200 W.

The SC-SWCNT films are finally transferred onto the electrodes. This operation is realized by dissolution of the nitrocel-
lulose membrane bearing the CNT film in acetone.
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Fig. 5. AFM image of the nanotube film after transfer on the electrodes.

AFM topology of the deposited nanotubes reveals a continuous film. The AFM studies also reveal the presence of a few
bundles in the film. An AFM image of the SC-SWCNT film is presented in Fig. 5.

The microsensor is connected to the electrical measurement unit (Keithley 2601 Source Meter) by electrically soldering
50 ym diameter gold wires on the Pt contact pads. The mechanical stability of the soldered contacts was successfully tested
up to 300°C.

4. Characterization
4.1. Drift and stabilization

The sensors were first annealed in air in order to remove residual water, iodixanol and surfactant [9] and stabilize the
sensor drift. A large drop of the sensor resistance (—50% to —70%) was measured after a first annealing at 300 °C during
2 h, with a stabilization during the following annealings at 200°C and 150°C, as shown in Fig. 6.

This effect is attributed to the evaporation of water and to the pyrolysis of iodixanol and surfactant during the annealing,
providing a better contact between nanotubes in the film and improving the nanotube/electrode contact: a small decrease
of the measured contact resistance could be noticed, as shown in Fig. 7.

An interesting feature is the TLM analysis of the film characteristics. As can be seen in Fig. 7, the stabilization annealing
induces the modification of the linear curve initially measured on the CNT film before annealing. Compared to the linear fit,
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Fig. 7. TLM analysis of the SC-SWCNT film resistance before and after annealing.

a higher resistance is measured for both of the two lower inter-electrode spacings. This effect is also noticed on unsorted
nanotube films. It was not observed in [10] because the inter-electrode distances used are larger than ours. The resistance
measured when the inter-electrode distance is less than 10 pum [6] is mainly attributed to ballistic transport in metallic
nanotubes [11].

Finally, the sensitivity of the deposited nanotube film to temperature was evaluated. A small mean temperature depen-
dence of the resistance, ranging from 0.04 to 0.13%/°C was measured on the five electrode spacings. Hopefully, as will be
discussed in the next section, the sensor response to a temperature variation of 1°C is two orders of magnitude smaller
than the response to 1 ppm NO; or NH3 (electrode spacing of 100 um).

4.2. Gas sensing

For the gas sensing, the SC-SWCNT sensor was loaded in a chamber and then N purged at 100°C for 15 min in order
to remove any traces of water. N was used as the base gas while NH3 and NO; were used to test the sensor sensitivity.
Each NH3 or NO, exposure is carried out during 30 min at room temperature and at 1100 mbar. The desorption of NH3
lasted for 30 min at 100°C under a N, flow. In the case of NO;, this temperature is not sufficient to remove all adsorbed
molecules. For NO;, the sensor recovery was carried out at 200°C under vacuum (2 x 10~2 mbar).

The variation of resistance during the adsorption and desorption of gas for an inter-electrode distance equal to 50 pm
is represented in Fig. 8. The influence of the gas concentration on the sensor sensitivity is reported in the insert of Fig. 9.
The sensitivity to NO, is 10 times larger then the sensitivity to NHs. To the best of our knowledge, the sensitivity is similar
to the sensitivity obtained in the literature. Currently, the sensor is able to detect less than 600 ppb of NH3 and NO,. This
limitation is attributed to the experimental set up and some new investigations are in progress. The response time of the
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Fig. 8. Variation of resistance during (a) a NO, and (b) a NH3 gas exposure followed by a gas desorption.

sensor is estimated at 15-25 min. The base line resistance (i.e. the resistance in a nitrogen atmosphere) is repeatable and
stable during cycles. This reflects a complete desorption of gas molecules during the sensor recovery.

According to previous observations [12], the measured resistance of the SC-SWCNT film rises when the sensor is exposed
to NH3 while it decreases during a NO, exposure. In parallel, the sensitivity to NH3 rises with the concentration until it
reaches 50 ppm (Fig. 9). This saturation is also observed for the smallest inter-electrode distance in the case of a NO,
exposure. Starting from this concentration, all NHs adsorption sites are saturated. The sensor sensitivity increases with the
inter-electrode distance, which is in accordance to a cumulative gas effect. The contact resistance measured by TLM analysis
(Fig. 9) is independent of the gas concentration. Only the intrinsic resistance of the SC-SWCNT film is modified during the
gas exposure. It means that the Schottky barrier is not affected by the gas adsorption. From these results, we can assume
that the gas adsorption on the SC-SWCNT is the main mechanism leading to the gas detection.

NO; bears an unpaired electron and is known as a strong oxidizer. The electron charge transfer is likely to occur from
the p-type SC-SWCNTs to NO,. The concentration of the hole charge carriers increases causing a decrease of resistance. The
opposite effect is observed with NH3; which is an electron donor gas. However, further study leaded by C.W. Bauschlicher et
al. [13] has showed that the adsorption of a NH3 molecule on a SWCNT involves only 0.008 electrons per molecule while
the maximum binding energy of NH3 to a SWCNT is about 0.087 eV. So, the sensor is less sensitive to NH3; than NO,. In
the case of NHs, the binding is mostly electrostatic in nature. By comparing the temperature necessary to desorb NO, and
NHs, we can conclude that NHs is preferentially physisorbed while NO; is directly chemisorbed on the SC-SWCNT.
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Fig. 9. TLM analysis of the SC-SWCNT film before and after a (a) NH3 or a (b) NO; exposure. In insert, gas concentration vs. the sensor sensitivity.

5. Conclusion

A NO, and NHj3 gas sensor is elaborated from sorted SC-SWCNT. The TLM measurements are used in order to deduce the
physical sensing mechanism. We have demonstrated that the influence of the target gas on the Schottky barrier is small. It
results in a chemisorption of NO, and a physisorption of NH; on the p-type SC-SWCNT.
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