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It is known that single-walled carbon nanotubes (SWCNTs) can be functionalized by fluo-

rine gas. Here, we report neutralized fluorine radical detection using a matted sheet of

SWCNTs, prepared by alternating current dielectrophoresis. Upon exposure to neutralized

radicals containing fluorine atoms in a plasma, as model analytes, the conductance of the

SWCNT matt showed fast modulation. The transduction mechanism was investigated by

electrical transport measurements, X-ray photoelectron spectroscopy and Raman spectros-

copy. Metallic nanotubes were shown to react covalently to the near exclusion of semicon-

ducting species. The selectivity was promoted by the curvature-induced strain of the

nanotubes. The results open new opportunities for the detection of fluorine radicals at spe-

cific locations inside the reaction zone using a simple, miniaturized carbon nanotube

network.

� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The unique electronic, optical and structural properties of

carbon nanotubes enable a wide range of applications [1–3]

including biosensors [4–6] and chemical sensors [7,8]. Espe-

cially, single-walled carbon nanotubes (SWCNTs) have opti-

mal characteristics as sensor elements such as large

surface-to-volume ratios, one-dimensional electronic struc-

ture and a molecular composition consisting of only surface

atoms [9]. SWCNTs have been utilized to detect gases and

organic vapors, at analyte concentrations well below the

ppm level, including oxygen, NO2, NH3 and nerve agent sim-

ulants [7,8,10].

The identification and quantification of reactive radicals

has become increasingly important for physicists and chem-

ists [11]. In most cases, the information of radicals is not suf-
er Ltd. All rights reserved
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ficiently characterized in reaction processes including

plasma-based surface treatments, which have been widely

used for industries. Raman [12], fluorescence [13], absorption

[14] and mass [11] spectroscopic techniques have been em-

ployed to detect radicals, which need expensive equipments.

Besides, these techniques are difficult to provide information

at specific locations inside the reaction zone without perturb-

ing the system. Recently, electrical and chemical response of

nanotubes upon exposure to CH4 and H2 plasma has been

investigated [15,16].

In this work, we demonstrated fast conductance modula-

tion of the SWCNT matt in response to neutralized radicals

containing fluorine atoms where the functionalization of

metallic nanotubes dominated the transport behavior. The

SF6 gas was dissociated into electrons, ions, radicals and sta-

ble products in an RF plasma chamber, and the neutralized
.

, Sungkyunkwan University, Suwon 440-746, Republic of Korea.

mailto:sbaik@me.skku.ac.kr


C A R B O N 4 6 ( 2 0 0 8 ) 2 4 – 2 9 25
radical beam was generated using a three-grid ion gun and a

reflector to minimize the effects from charged ions and

electrons.
ig. 1 – Experimental setup. (a) Microelectrodes wired to a

hip carrier. SEM image of dielectrophoretically deposited

anotubes at the 5 lm electrode gap is magnified. (b) A

chematic diagram of the plasma chamber. The SF6 plasma

as generated by RF power. A three-grid ion gun and a low

ngle (5�) forward reflector were used to extract neutralized

adical beam source. The SWCNT network was directly

onnected to a semiconductor parameter analyzer.
2. Experimental

Anionic surfactant sodium dodecyl sulfate (SDS) was used to

suspend HiPco-SWCNTs according to a previously published

protocol [1]. Thirty milligrams of HiPco-SWCNTs (purchased

from Carbon Nanotechnologies Inc.) was dispersed in

100 mL of aqueous SDS solution (1 wt% in deionized water)

by 1 h of homogenization at a power level of 4 W (Taitec VP-

5S). The mixed solution was then ultrasonicated for 15 min

at 490 W (Ulsso Hi-Tech 7005). Subsequently, the sample

was centrifuged (Beckman Coulter LE-80K) for 4 h at

170,000 g (22,600 rpm) to remove aggregated SWCNTs, and

the upper supernatant was immediately decanted. Finally,

the decanted SWCNT solution was diluted using aqueous

SDS solution (1 wt%), resulting in a nanotube mass concen-

tration of 10 mg/L.

A matted sheet of SWCNTs was formed on a p-type (100)

silicon wafer with a thermally coated 500-nm-thick oxide

layer. As shown in Fig. 1a, microelectrodes with a gap size

of 5 lm were fabricated using a conventional photolitho-

graphic method. A 5-nm-thick titanium (Ti) and a 200-nm-

thick gold (Au) were thermally deposited on the SiO2 layer

to form electrical contacts. Subsequently, microelectrodes

were wired (Kulicke & Soffa 4524) to a chip carrier (Global Chip

Materials SB2438001). A matted sheet of SWCNTs was depos-

ited on the electrodes using alternating current dielectropho-

resis [17–19]. A drop of HiPco-SWCNTs (10 mg/L, 20 lL) was

placed on the electrode after applying alternating current at

a frequency of 10 MHz and a peak-to-peak voltage of 10 V

using a function generator (Agilent 33220A). After a delay of

10 min, the droplet was blown off by a stream of nitrogen

gas, and the function generator was switched off. We

previously demonstrated the presence of both metallic and

semiconducting nanotubes when the dielectrophoretic depo-

sition was carried out using ionic surfactant micellized

SWCNTs [18,19].

The SWCNT network was exposed to neutralized radicals

created in SF6 plasma. SF6 is a commonly used etching gas

which serves as a source of radicals containing fluorine atoms

for etching polycrystalline silicon [20]. The SF6 gas molecules

were dissociated into electrons (e�), ions (SFþ3 , SFþ5 , SFþ2 , SF+,

F+, S2F+, S+, SF�6 , SF�5 , SF�4 , etc.), radicals (SF5, SF3, SF, F, S,

etc.) and stable products (SF4, SF2, F2, etc.) in a plasma [21–

27]. The predominant species were SFþ3 , SFþ5 , SFþ2 , SF+ ions,

SF5, SF3, SF radicals, and SF2, F2 stable products [28].

In order to minimize the effects of ions and electrons on

nanotubes, a low-angle forward-reflected neutral beam

source was generated using a three-grid ion gun and a reflec-

tor with a conversion efficiency of 99.7%, as shown in Fig. 1b

[28]. The plasma chamber was pumped down to a vacuum

pressure of 0.0013 Pa, and SF6 gas (99.999%) was introduced

(10 sccm, 0.13 Pa). The SF6 gas molecules were dissociated

into electrons, ions, radicals and stable products when the

power (200 W) was applied at a radio frequency of

13.56 MHz. The ions from the plasma source were extracted
F
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by applying 100 V, �400 V and 0 V to the 1st acceleration grid,

2nd extraction grid and 3rd grounded grid, respectively. The

extracted ions were reflected on a flat surface (reflector) to

produce neutralized radical beam flux. The non-neutralized

ion flux (0.3%), measured using a Faraday cup, was 1.2 lA/

cm2. The neutralized radical flux was estimated to be

1.646 · 1016/cm2 s, calculated using the experimentally deter-

mined ion flux and the theoretically obtained relative reaction

rates of ions and radicals of the SF6 gas in a plasma [21]. We

previously characterized radical peaks such as F2, SF, SF2,

SF3 and SF5 in the neutral beam using a quadrupole mass

spectrometer [28].

The SWCNT network was placed at 30 cm away from the

reflector, and the conductance modulation was real-time

monitored using a semiconductor parameter analyzer (Agi-

lent E5262A). In addition, the electrical transport characteris-

tics of the SWCNT network were analyzed before and after

the exposure process to investigate the transduction mecha-

nism using a semiconductor parameter analyzer (Agilent

E5262A) and a probe station (CASCADE RF-1). The source–

drain current at a source–drain voltage of 1 V was monitored

as a function of the back gate voltage. Raman spectra

before and after the exposure were analyzed using a Raman
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microscope (Renishaw, inVia Reflex). A HeNe laser with a grat-

ing of 1800 grooves/mm was used for 632.8 nm excitation. The

laser power at the sample was 20 mW, and the spot size was

1–2 lm in diameter. Also, the X-ray photoelectron spectros-

copy (XPS; ESCA 2000) was carried out to investigate chemical

species attached to SWCNTs using Al Ka (1486.6 eV) at 200 W

with a pass energy of 20 eV.
Fig. 2 – Investigating the mechanism of signal transduction.

(a) Transient response of the SWCNT network upon

exposure to radicals containing fluorine atoms. The SF6 gas

was supplied at 100 s. The RF power was applied between

400 s and 800 s. Source–drain voltage was 1 V. (b) XPS

spectra of F 1 s peaks of the SWCNT network before and

after the exposure. (c) Source–drain current as a function of

the back gate voltage. The measurements were carried out

right before, 2 h after and 66 h after the exposure. Source–

drain voltage was 1 V.
3. Results and discussion

Fig. 2a shows real-time kinetics of the SWCNT network during

the exposure process. The chamber was pumped down to a

vacuum pressure of 0.0013 Pa, and SF6 gas was supplied at

100 s (10 sccm, 0.13 Pa). The current through the SWCNT matt

did not respond to the SF6 gas. The source–drain voltage was

1 V. The RF power was turned on at 400 s. The current imme-

diately decreased upon exposure to radicals containing fluo-

rine atoms, reaching zero at 697 s. This clearly indicated

that the nanotube network responded to fluorine radicals

rather than pure SF6 gas. The RF power was turned off at

800 s. Cycling to pure SF6 gas did not recover conductance,

demonstrating that the radicals were irreversibly chemi-

sorbed onto the surface of SWCNTs.

Fig. 2b shows the normalized F 1s spectra of the SWCNT

network before and after the exposure. Three different forms

of C–F bonds were revealed by de-convoluting the F 1s spectra

of the fluorine radical exposed nanotubes with Gaussian

peaks. A large covalent C–F bond (687.5 eV) and a small

semi-ionic C–F bond (685.5 eV) were observed [29,30]. Also, a

third peak at 689.2 eV was detected, possibly due to the pres-

ence of p-(CF2@CF2) bond [31]. These observations indicated

that fluorine radicals took a major role in the reaction with

carbon nanotubes. Sulfur itself is known not to interact with

nanotubes [32], and the peak related with sulfur was not ob-

served. The XPS data were similar to those found by exposing

nanotubes to fluorine gas [33] and CF4 plasma [34,35]. The

development of the fluorinated carbon bonds was proposed

to be caused by the strongly increased localization of pi elec-

trons of C atoms as a result of the increased F density [33,34].

Fig. 2c shows the source–drain current (I) measured as a

function of the back gate voltage (VG) at room temperature.

In these data sets, the exposure process was stopped right be-

fore reaching zero source–drain current, at VG = 0, in order to

investigate responses of both metallic and semiconducting

nanotubes. Before the exposure, electrical transport charac-

teristics exhibited both conduction (28.4 lA) at a positive gate

voltage of 30 V and modulation of the current with changing

gate voltage. This observation was consistent with a mixture

of metallic and semiconducting pathways [18]. The increment

in current with decreasing gate voltage, DIbefore exposure =

2.2 lA, was attributed to the transport through p-type

semiconducting species [7,36]. The current at VG = 30 V signif-

icantly decreased upon exposure to radicals containing fluo-

rine atoms whereas the increment showed slight difference

(DIafter exposure = 1.7 lA). This indicated that metallic species

were preferentially reacted to the near exclusion of semicon-

ducting SWCNTs. Yang et al. also showed selective suppres-

sion of metallicity of a SWCNT matt by exposing it to

fluorine gas for 30 min at 0.1 bar and room temperature [33].
The F–F bond became weak as the gas approached nanotubes.

Consequently, the C–F bond formed on the sidewall of nano-

tubes. Large charge transfer was expected from metallic
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species due to more abundant pi electron density at the Fermi

level compared with semiconducting SWCNTs, leading to the

lower adsorption barrier height and easier accessibility for

metallic SWCNTs [33]. It is interesting to note that the re-

sponse of the SWCNT network to fluorinated radicals was

much faster than the response to fluorine gas [33] or solu-

tion-based functionalizing reagents [37] probably due to the

vigorous reactivity of radicals. The measurement carried out

at 66 h after the exposure showed little difference. This obser-

vation confirmed the irreversibly chemisorbed fluorinated

species.

Scanning electron microscopy images of the nanotube de-

vice before and after the exposure to fluorine radicals do not

show apparent destruction of the nanotube structure under

the current experimental conditions (Fig. 3). However, more

detailed studies using transmission electron microscopy need

to be carried out to investigate modification of the tubular

structure.

As shown in Fig. 4, Raman spectroscopic observations fur-

ther supported the findings from XPS and electrical transport

measurements. Fig. 4a shows Raman spectra of the SWCNT

matt before and after the exposure to radicals containing

fluorine atoms. The phonon mode at 1330 cm�1, also known

as the D mode, corresponds to the conversion of an SP2 C to

an SP3 C on the nanotube, indicating the extent of sidewall

functionalization [37,38]. The G 0 band at 2700 cm�1 is an over-

tone of the D band [38]. The increased intensity ratios of the

D/G and D/G 0 bands indicated covalent functionalization by

the fluorine radicals (Fig. 4b), which was consistent with the

XPS and electrical transport observations.

Fig. 4c shows radial breathing mode spectra, and chiral

vectors for metallic nanotubes are shown in bold italics.

The functionalization to the sidewall of the nanotube de-

creases the resonantly enhanced, low frequency Raman mode

that is distinct for the particular (n,m) nanotube [37]. At

632.8 nm excitation, both metallic and semiconducting types

are in resonance for the HiPco material. The peaks for metal-

lic SWCNTs were relatively suppressed with the reaction

compared with those of semiconducting types, supporting

the I–VG measurements shown in Fig. 2c. Fig. 4d compares

the intensity ratios of (12,3)/(10,3) and (13,4)/(10,3) chiral

peaks. The diameters of (13,4), (12,3) and (10,3) nanotubes

are 1.205 nm, 1.1 nm and 0.923 nm, respectively. The intensity

ratio of (12,3)/(10,3) significantly decreased after the exposure
Fig. 3 – SEM images of the nanotube device before (a) and after

magnified image of SWCNT matt.
to radicals containing fluorine atoms whereas that of (13,4)/

(10,3) slightly decreased. Yang et al. also observed diameter

dependent selective removal of metallic SWCNTs using

fluorine gas [33]. The selectivity became less obvious for the

nanotubes with larger diameters, indicating that the selec-

tive functionalization was promoted by curvature-induced

strain.

The simple, miniaturized SWCNT matt showed sensitive

response upon exposure to neutralized fluorine radicals.

Experimental investigations carried out by electrical transport

measurements, XPS and Raman spectroscopy suggested that

metallic carbon nanotubes were covalently functionalized

with fluorine radicals. However, regeneration and selectivity

issues remain to be addressed. Therefore, we propose to use

the SWCNT network for applications where these issues are

insignificant. For example, the detection of dissociation of a

specific type of gas inside a closed system, such as a plasma

chamber, does not involve the selectivity issue since the

introduced gas type is known. Another practical application

could be the detection of dissociation of SF6 gas in gas-insu-

lated switchgears (GIS) due to partial discharge [39]. SF6 gas

is widely used as electrical insulator as well as arc-quenching

medium in high-power electrical devices such as GIS. Partial

discharge due to the intensified electric field leads to dissoci-

ation of the insulating gas (SF6), which degrades the perfor-

mance of GIS. In this case, regeneration is not an important

factor since the dissociated SF6 gas in a closed chamber is

not regenerated. Therefore, the accumulative nature of cova-

lent bonding is appropriate for this type of application. Even-

tually, the insulating gas and the SWCNT network, which can

be fabricated at a low cost, need to be replaced if the degree of

dissociation of SF6 gas exceeds over a certain standard. Also,

the selectivity issue is not important since the dissociation

pattern of SF6 gas is known.

More detailed experiments at different plasma powers and

SF6 flow rates need to be carried out to experimentally deter-

mine the detection limit of the SWCNT network. Previous

experimental investigations demonstrated that SWCNT-

based chemical sensors could detect gaseous analytes at con-

centrations well below the ppm level [7,8,10]. Therefore, the

SWCNT network would detect fluorine radicals with high sen-

sitivity. Besides, investigations using an isolated single-walled

carbon nanotube device might provide improved sensitivity

and more insight about the mechanism.
(b) the exposure to fluorine radicals. The inset provides the



Fig. 4 – Raman spectroscopic observations at 632.8 nm excitation. (a) Raman spectra of the SWCNT network before and after

the exposure to radicals containing fluorine atoms. (b) Relative intensity ratios of D/G and D/G 0 bands. (c) Radial breathing

modes showed the selective suppression of metallicity of the SWCNT network. (d) Relative intensity ratios of (12,3)/(10,3) and

(13,4)/(10,3) nanotubes.
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4. Conclusion

In summary, the matted sheet of SWCNTs could provide fast

identification of radicals containing fluorine atoms. The

mechanism was based on the preferential chemisorption of

the neutralized fluorine radicals onto smaller diameter metal-

lic nanotubes, which was proved by electrical transport mea-

surements, XPS and Raman spectroscopy. The SWCNT

network can be used to detect reactive radicals at specific

locations inside the reaction zone due to the simple, minia-

turized nature. Cross-checking experiments at different RF

powers and gas flow rates, using both laser spectroscopic

techniques and SWCNT networks, would provide more accu-

rate quantification of radicals. Also, the sensitivity might be

improved by employing a single, small diameter metallic

nanotube.
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