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中文摘要

氧與氟改質的單層奈米碳管是由微波電漿輔助化學氣相沉積系統所製造，
且被用來製作一種新穎的氣體感測器材料。在室溫下對 100 ppm 酒精的感測特
性為一電阻提升的 P 型反應。氧電漿改質 30 秒能夠讓感測反應由 1.13 提升至
1.74，由掃描式電子顯微鏡與拉曼光譜儀的結果可證明此乃因非晶質碳被明顯的
去除。然而氧電漿改質對於降低反應與復原時間並無明顯的功效。利用氟電漿
改質 60 秒只能夠讓感測反應由 1.13 提升至 1.51，但反應與復原時間能分別從
178 與 364 秒降至 54 與 97 秒，由 X 光光電子能譜儀與歐傑電子能譜儀的結果
可證明此乃因大量含氟官能基存在的關係。因此電將改質的單層奈米碳管能夠
提升室溫酒精感測的靈敏度與反應性。

關鍵詞：單層奈米碳管，微波電漿輔助化學氣相沉積系統，表面改質，酒精，
氣體感測
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The oxygen and fluorine modified single wall carbon nanotubes (SWCNTs) were manufactured by
microwave plasma enhanced chemical vapor deposition (MPECVD), and were developed as novel gas sensor
materials. The sensor characteristic has shown a p-type response with resistance enhancement upon
exposure to 100 ppm ethanol at room temperature. Oxygen plasma modification can increase the sensor
response from 1.13 to 1.74 on process duration of 30 s due to the apparent elimination of amorphous carbon,
as demonstrated by FESEM and Raman results. However, oxygen plasma modification has no effective
assistance in decreasing the response and recovery time. By applying fluorine plasma modification, the
sensor response only increases from 1.13 to 1.51 on process duration of 60 s, but the response and recovery
time can decrease apparently from 178 to 54 s and 364 to 97 s due to the existence of numerous fluorine-
included functional groups, as demonstrated by XPS and AES results. Therefore, the plasma modified SWCNT
can elevate the sensitivity and reactivity for room temperature ethanol sensing.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The discovery of carbon nanotubes (CNTs) was in 1991 [1], and
single wall carbon nanotubes (SWCNTs) were discovered two years
later [2]. Outstanding physical, chemical, mechanical and electrical
properties have been gradually researched due to their unique
structure [3–5]. Many important applications have been demonstrat-
ed, and both CNT-based [6–14] and CNT-doped [15–20] gas sensors
received considerable attention because of their nanometer hollow
geometry, high specific surface area, high electron mobility, surface
modifications and functionalizations.

Ethanol sensors have wide applications in traffic safety, foodstuffs,
fermentation processes, and alcoholic beverage production processes.
Several different sensing technologies, including optic [21], surface
acoustic wave [22], and resistiveness [6–20], have been used to detect
ethanol concentrations. Among the various types of sensors, the
resistive method has the advantages of simplicity of construction, low
cost, and popular applications.

Semiconductor metal oxide (e.g., SnO2) is often used as an ethanol
sensor, but generally it requires a high working temperature
exceeding 300 °C [15]. CNT-based ethanol sensors may work at

room temperature and have a quite low detection limit; however,
they exhibit a lower sensitivity due to fewer percentages of
semiconducting nanotubes that can be modulated by gas molecules.
Besides, the recovery time of CNT-based ethanol sensors is actually
long because of the strong adsorption between CNTs and gas
molecules [8–10]. In this work, how to enhance the selectivity and
reactivity of SWCNT-based ethanol sensors is our major purpose.

2. Experimental

2.1. Materials

The CarboLex AP-grade SWCNTs used in this work were
commercially obtained by Sigma-Aldrich Co. (No. 519308). The
product was made by arc method in specifically designed chambers.
These SWCNTs are of average diameter ~1.5 nm and are found in
bundles which are typically ~20 nm in diameter with lengths of 2–
5 μm. The purity of the AP-grade SWCNTs is 50–70 vol.%, and the
impurities include ~35 wt.% residual catalysts (Ni, Y) and some
amorphous carbons. The SWCNTs include both semiconducting (~2/3)
and metallic (~1/3) nanotubes demonstrated by electron diffraction
measurements of TEM and atomic resolution STM. The SWCNTs
dispersed in an ethanol solution were dropped onto a non-conductive
alumina substrate quantitatively. Microwave plasma enhanced chem-
ical vapor deposition (MPECVD) was used for surface plasma
modification of the SWCNTs. The mixture gases of 20 sccm oxygen
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and 100 sccm argon were introduced for the oxygen plasma treatment,
and the mixture gases of 20 sccm tetrafluoromethane (CF4) and
100 sccm argon were introduced for the fluorine plasma treatment.
The operation conditions were described as follows: microwave power
of 500W, operating pressure of 10 Torr, process duration of 15–60 s,
and average sample temperature of ~30 °C.

2.2. Characterizations

The morphologies of the plasma modified SWCNT film were
characterized by field emission scanning electron microscope (FESEM,
JEOL JSM-6500F). The Raman spectra of the plasma modified SWCNTs
were characterizedbyRamanspectrometer (HORIBA JobinYvonLabRAM
HR800 UV) with a 632.8 nm (1.96 eV) He–Ne laser. The elemental
composition change and relevant chemical bonding of the SWCNT film
during the plasma treatments were investigated by X-ray photoelectron

spectroscopy (XPS, ULVAC-PHI PHIQuantera SXM)with a hemispherical
capacitor analyzer. A monochromatic Al Ka line (hυ=1486.6 eV) was
used as thephoton source, and photoelectronswere collected at an angle
of 45° relative to the sample surface. The energy resolution of system
(source+analyzer) was 0.49 eV and the elemental detection limit was
0.1at.%. In the spectrum analysis, the background signal was subtracted
by Shirley's method. In order to determine the elemental composition
change of a SWCNTbundle during the plasma treatments, Auger electron
spectroscopy (AES, ULVAC-PHI PHI-700)with a coaxial cylindricalmirror
analyzer was applied to exacter analysis. The Schottky field emission
electron source provided a high voltage electron beam (0.1~25 kV)with
a diameter of less than 6 nm for secondary electron imaging. The energy
resolution of system was 0.5 eV and the elemental detection limit was
down to 0.01at.%. Before XPS and AES measurements, all samples were
presputtered by argon ion beam in order to remove surface contamina-
tion (C and O) and acquire true elemental composition.

Fig. 1. FESEM images of SWCNT films; (a) untreated, (b–e) treated by oxygen plasma for 15, 30, 45, and 60 s, and (f–i) treated by fluorine plasma for 15, 30, 45, and 60 s.
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2.3. Gas-sensing measurements

During the gas-sensing test, the resistance (or current) response
with a fixed bias of 2 V was monitored by a precision electrochem-
ical workstation (JIEHAN ECW-5000) which can be used to detect a
very low current (~10−12A). The test ethanol concentration (100–
500 ppm) was obtained by volatile ethanol and subsequently
injected into the chamber. After reaching a steady current response,
the chamber was purged with air and the experiment was repeated
for the next cycle. All sensing experiments were done at 25±0.5 °C,
and humidity was kept at 60±5% RH. The sensor response (S) was
defined as S=Rgas /Rair, where Rgas and Rair were the resistances in
an environment containing ethanol vapor and in air ambient,
respectively.

3. Results and discussion

3.1. FESEM images

Fig. 1 shows the surface morphology of the SWCNT films with
various plasma modifications. In Fig. 1(a), the impurities including
13.12 wt.% amorphous carbons by thermogravimetric analysis (TGA)

and residual catalysts (15.62 wt.% Ni, 4.23 wt.% Y) confirmed by
energy dispersive spectrometer (EDS) attached on FESEM exist in the
commercial SWCNTs. When the SWCNT films were treated by oxygen
plasma for 15 and 30 s, the fragile amorphous carbons on the surface
are apparently removed and the SWCNTs are observed more clearly,
as illustrated in Fig. 1(b) and (c). When the SWCNT films were treated
by oxygen plasma for 45 and 60 s, the SWCNTs are destroyed and the
appearance of SWCNTs aren't easily distinguished, as illustrated in
Fig. 1(d) and (e). Briefly, the SWCNTs can be purified by appropriate
oxygen plasma treatment, and the better operation condition in this
work is process duration of 30 s.

In Fig. 1(f)–(i), the SWCNTs are still observed clearly when the
SWCNT films were treated by fluorine plasma until 60 s. The more
distinct SWCNTs after being treated by fluorine plasma show that
fluorine plasma treatment can eliminate amorphous carbon more
lightly without serious destruction, and the better operation condition
in this work is process duration of 60 s.

3.2. Raman spectra

Raman spectroscopy has provided an exceedingly powerful tool in
probing the structure (diameter and chirality) and electronic properties

Fig. 2. Raman spectra of SWCNTs (a) treated by oxygen plasma for 0, 15, 30, 45, and
60 s, and (b) treated by fluorine plasma for 0, 15, 30, 45, and 60 s. The inset shows the
low-frequency range (radial breathing mode, RBM) of Raman spectra.

Fig. 3. Survey spectra of SWCNTs treated by oxygen plasma for 0, 15, 30, 45, and 60 s;
(a) XPS survey spectra, and (b) AES survey spectra. The inset shows elemental
composition change of oxygen plasma treated SWCNTs.
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(metallic or semiconducting) of SWCNTs. In contrast to the G-band of
highly oriented pyrolytic graphite (HOPG) which exhibits a single peak
at 1582 cm−1 related to the E2g tangentialmode, theG-band of SWCNTs
splits into two peaks, G+ (N1582 cm−1) and G− (b1582 cm−1), as
illustrated in Fig. 2. Fig. 2 also indicates that the D-band of SWCNTs
exhibits a single peak at ~1320 cm−1 related to the disorder-induced
feature. The D-band doesn't occur in HOPG; hence the ratio of the D-
band intensity (ID) to G-band intensity (IG) represents the disorder level
of SWCNTs. The smaller ID/IG ratiomeans that theSWCNTspossess fewer
defects in the carbon structure or reduced amorphous carbons remain
on the surface of the SWCNT films. From the results of Fig. 2(a), the ID/IG
ratio of SWCNTs treated by oxygen plasma for 0 (SC), 15 (O15), 30
(O30), 45 (O45), and 60 s (O60) are 0.26, 0.16, 0.11, 0.31, and 0.42,
respectively. O15 and O30 have smaller ID/IG ratio than SC, but O45 and
O60 are in the opposite trend due to the destruction of SWCNTs. From
the results of Fig. 2(b), the ID/IG ratio of SWCNTs treated by fluorine
plasma for 0 (SC), 15 (F15), 30 (F30), 45 (F45), and 60 s (F60) are 0.26,
0.21, 0.18, 0.16, and 0.15, respectively. Therefore, O30 and F60 have the
smallest ID/IG ratio (or fewest residual amorphous carbons), which
conforms to the FESEM results.

The A1g mode in low-frequency range (100–300 cm−1) called
radial breathing mode (RBM) is unique to SWCNTs, as illustrated in
the inset of Fig. 2. The RBM frequency can be used to study the tube

diameter by the relation ω=234/d+10 for SWCNT bundles, where
ω is the RBM frequency in cm−1 and d is the tube diameter in nm
[23]. According to the above formula, the diameters of commercial
SWCNTs are calculated in the range of 1.5–1.7 nm. In addition,
plasma treatments don't seem to concern with tube diameter, but
only affect the percentage of SWCNTs with different diameters.

3.3. Survey spectra of XPS and AES

In Fig. 3(a), the XPS survey spectra of oxygen plasma treated
SWCNT films reveal the presence of carbon and oxygen, and the
oxygen atomic percentage can reach to 14.6% and 20.2% when oxygen
plasma treated for 30 and 60 s. The same trend is also observed in AES
survey spectra of a SWCNT bundle, as illustrated in Fig. 3(b). The
oxygen atomic percentage of O15 and O30 by AES is similar to the
results by XPS, but the oxygen atomic percentage of O45 and O60 by
AES is slightly lower than the results by XPS, as tabled in the inset of
Fig. 3. The variation may result from the destruction of SWCNTs by
excess oxygen plasma treatment.

In Fig. 4(a), the XPS survey spectra of fluorine plasma treated
SWCNT films reveal the presence of carbon and fluorine, and the
atomic concentration of fluorine can reach up to 24.3% when fluorine
plasma treated for 60 s. The same trend is also observed in AES survey
spectra of a SWCNT bundle, as illustrated in Fig. 4(b). However, the
fluorine atomic percentage by AES is slightly lower than the results by
XPS, as tabled in the inset of Fig. 4. The probable reason is that fluorine
plasma may not easily functionalize on SWCNTs as amorphous
carbons.

3.4. Analysis of XPS C1s spectra

Fig. 5(a) shows the XPS C1s spectra of SC, O60, and F60; the XPS
C1s peak fitting of the three different kinds of SWCNTs are illustrated
in Fig. 5(b)–(d) respectively. In Fig. 5(c), the C1s core level can be
decomposed into five components [24]. The peak at 283.9 eV (1)
corresponds to the graphite-like sp2 carbon which indicates the
graphite level. The peak at 284.8 eV (2) is attributed to the diamond-
like sp3 carbon which indicates the disorder level. The peaks at 286.0
(3), 288.1 (4), and 289.8 eV (5) correspond to hydroxyl (or ether),
carbonyl, and carboxyl (or ester) groups, respectively. After
quantitative analysis, relative percentages of the components of
carbon atoms are listed in Table 1. O15 and O30 have lower sp3

carbon percentage than SC, but O45 and O60 show the opposite
trend. In addition, the oxygen-bonded carbon percentage can
increase to a saturation value (~27%) after 30 s oxygen plasma
treatment. Therefore, O30 has least disorder (10.4%) conformed to
the Raman results and maximum oxygen-included functional
groups. It's noted that the C1s core level of commercial SWCNTs
can only be decomposed into two contributions, as illustrated in
Fig. 5(b).

In Fig. 5(d), the C1s core level can be decomposed into six
components [25]. The peaks at 284.5 (1) and 285.7 eV (2) correspond
to the sp2 and sp3 carbon, respectively, but the binding energy slightly
shifts toward higher energy by comparing to the commercial SWCNTs
due to the fluorination of carbon atoms. The peaks related to CFx
groups at 287.0 (3), 288.9 (4), 291.0 (5), and 293.1 eV (6) are ascribed
to C–CFn (0bnb1), CF, CF2, and CF3 groups, respectively. After
quantitative analysis, relative percentages of the components of
carbon atoms are listed in Table 2. F60 has least disorder (12.7%)
which is consistent with the Raman results and maximum fluorine-
included functional groups (40.0%).

3.5. Ethanol-sensing properties

It has been reported that SWCNTs act like a p-type semiconductor
whenusedas sensingmaterials [8–10]. If anoxidizinggas (e.g. O2,O3, and

Fig. 4. Survey spectra of SWCNTs treated by fluorine plasma for 0, 15, 30, 45, and 60 s;
(a) XPS survey spectra, and (b) AES survey spectra. The inset shows elemental
composition change of fluorine plasma treated SWCNTs.
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NO2) chemisorbs onp-type SWCNTs, the electron transfers frommaterial
to gas (electrons acceptor) and increases the hole concentration in
SWCNTs to cause resistance reduction.While a reducinggas (e.g.H2,NH3,
and C2H5OH) physisorbs on p-type SWCNTs, the electron transfers from
gas (electrons donor) tomaterial anddecreases the hole concentration in
SWCNTs to cause resistance enhancement, as illustrated in Fig. 6. It's
noted that the baseline raises up slightly in the repeat test since some
irreversible adsorption may occur on the SWCNT surface. From the

results of Fig. 6, the sensor response (Rgas/Rair), response and recovery
time to 100 ppm ethanol can be identified, and the data of all kinds of
SWCNTs in this work are listed in Table 3.

The sensor response increases apparently by both oxygen and
fluorine plasma treatments. The enhancement by oxygen plasma
treatment is larger than that by fluorine plasma treatment due to the
more powerful ability of amorphous carbon elimination, but the
sensor response will decrease after 30 s of oxygen plasma treatment

Fig. 5. (a) Comparison between the XPS C1s spectra of three different kinds of SWCNTs. The XPS C1s peak fitting of three different kinds of SWCNTs; (b) untreated, (c) treated by
oxygen plasma for 60 s, and (d) treated by fluorine plasma for 60 s. Black lines expresses the raw experimental data. Blue lines are the recommended fitting curves, and the binding
energy of recommended fitting peaks is listed in the inset respectively. Red line is the cumulative fitting curve similar to raw experimental curve.

Table 1
Elemental composition change of SWCNTs treated by oxygen plasma for 0, 15, 30, 45, and 60 s, and relative percentage of the five XPS components of carbon atoms computed from
Fig. 5(c).

C (%) O (%) Fit peak 1 Fit peak 2 Fit peak 3 Fit peak 4 Fit peak 5

sp2 carbon (%)
graphite-like

sp3 carbon (%)
diamond-like

C–O (%)
hydroxyl groups

C=O (%)
carbonyl groups

COO (%)
carboxyl groups

SC 100 0 84.8 15.2 0 0 0
O15 91.9 8.1 73.3 12.7 8.1 3.8 2.1
O30 85.4 14.6 62.8 10.4 14.2 7.4 5.2
O45 82.6 17.4 60.1 13.2 15.5 7.6 3.6
O60 79.8 20.2 57.2 15.0 16.2 8.3 3.3
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as a result of SWCNTs destruction, which is consistent with the
FESEM results. Therefore, O30 and F60 have the maximum sensor
response of 1.74 and 1.51 than SC (1.13).

In theory, ethanol molecules physisorb on SWCNTs by van der
Waals force; hence the response and recovery time are very slow.
The response and recovery time decrease evidently by both oxygen
and fluorine plasma treatments, and the reduction by fluorine
plasma treatment is larger than that by oxygen plasma treatment.
The faster response and recovery may result from the formation of
hydrogen bonds (C2H5–O–H⋯O–C and C2H5–O–H⋯F–C) instead of
van der Waals force. The more attractive bonding of H⋯F due to the
more electronegative F atom accelerates the response time more
than H⋯O. The lower bonding energy of H⋯F which causes the easier
desorption than H⋯O also accelerates the recovery time [26].
Therefore, F60 can effectively reduce the response and recovery
time from 178 to 54 s and 364 to 97 s due to the most fluorine-
included functional groups.

Varying the ethanol concentration from 100 to 500 ppm, we
rendered the sensor response versus concentration curves in Fig. 7. SC
is not relatively sensitive to the concentration variation due to the
saturation adsorption of ethanol. O30 and F60 possess the higher
sensitivity (sensor response variation/ethanol concentration varia-
tion) between 100 and 300 ppm ethanol concentration sensing tests,
and they tend to saturation adsorption in higher ethanol concentra-
tion. Therefore, plasma modified SWCNTs have better sensitivity and
reactivity in suitable detection range for room temperature ethanol
sensing, and they don't need quite high working temperature like the
conventional gas sensors.

4. Conclusion

The SWCNT-based gas sensors treated by oxygen and fluorine
plasma have shown a p-type response with resistance enhance-
ment upon exposure to 100 ppm ethanol at room temperature.
Oxygen plasma modification can increase the sensor response from
1.13 to 1.74 on process duration of 30 s due to the apparent
elimination of amorphous carbon. However, oxygen plasma
modification has no effective assistance in decreasing the response
and recovery time. By applying fluorine plasma modification, the
sensor response only increases from 1.13 to 1.51 on process
duration of 60 s, but the response and recovery time can decrease
apparently from 178 to 54 s and 364 to 97 s due to the existence of
numerous fluorine-included functional groups. Therefore, the
plasma modified SWCNTs have wide potential to apply on room

Fig. 6. The resistance response to 100 ppm ethanol of three different kinds of SWCNTs
at operating conditions of 25±0.5 °C and 60±5% RH; (a) untreated, (b) treated by
oxygen plasma for 30 s, and (c) treated by fluorine plasma for 60 s. The symbol
“ethanol” means ethanol injection, and the symbol “air” means air purge.

Table 2
Elemental composition change of SWCNTs treated by fluorine plasma for 0, 15, 30, 45, and 60 s, and relative percentage of the six XPS components of carbon atoms computed from
Fig. 5(d).

C (%) F (%) Fit peak 1 Fit peak 2 Fit peak 3 Fit peak 4 Fit peak 5 Fit peak 6

sp2 carbon (%)
graphite-like

sp3 carbon (%)
diamond-like

C–CFn (%)
0bnb1

CF (%) CF2 (%) CF3 (%)

SC 100 0 84.8 15.2 0 0 0 0
F15 92.9 7.1 70.8 14.7 6.1 5.8 2.1 0.5
F30 86.5 13.5 59.0 13.4 12.2 11.4 3.2 0.8
F45 80.2 19.8 50.7 13.2 14.5 14.6 5.6 1.4
F60 75.7 24.3 47.3 12.7 15.2 16.1 6.8 1.9

Table 3
Sensor response, response and recovery time to 100 ppm ethanol of all kinds of SWCNTs in this work. Response time is defined as the time to reach 90% of the equilibrium signal, and
recovery time is defined as the time to go back to 90% of the background signal.

SC O15 O30 O45 O60 F15 F30 F45 F60

Sensor response (Rgas /Rair) 1.13 1.49 1.74 1.52 1.36 1.25 1.36 1.44 1.51
Response time (s) 178 151 140 158 169 128 113 83 54
Recovery time (s) 364 318 296 329 346 279 208 131 97
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temperature gas sensor devices. In the further study, the combina-
tion or integration of the oxygen and fluorine plasma modification
of SWCNTs may provide a better sensitivity and reactivity for
ethanol sensing.
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