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For room temperature toxic gas sensing, a system chipwith aMWCNT (multi-walled carbon nanotube)-assisted
array of 30 sensors (two sensors for each of 15 sensor types) was developed. Gases tested include four simulants
of chemical warfare agents: dichloromethane, acetonitrile, 2-chloroethyl ethyl sulfide, and dimethyl-methyl
phosphonate (DMMP). By selecting 15 different functional polymer materials, each composite sensor composed
of 15 sensing stacks (polymer/MWCNTs/Si(001), wafer) was fabricated by a solution droplet casting method to
simplify the process. The principle of gas sensing is basically to measure the resistivity change of the composite
sensor device upon contact with a target gas. One of the advantages of the sensing stack having a polymer
overlayer above the MWCNT layer is being able to protect the MWCNT from direct interaction with the gas to
improve sensor life and sensitivity. The results indicate that a fingerprint pattern of the sensor radar plot can
be determined for each testing run, and that specificity can be achieved through a 3-D principal component anal-
ysis of the radar plots. The results also show that a linear relationship between the resistance response and con-
centration is clearly evident for these four toxic gases. By extrapolation and careful process monitoring, a
sensitivity much lower than 43 ppm for DMMP vapor is likely. The gas sensing mechanisms are discussed in
the text.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) are well known as nano-scale quantum ob-
ject which can exhibit many unique properties for potential nano-device
applications [1]. For gas sensing applications, CNT-derived high-
sensitivity gas sensors for various gases and nerve agents, such as ammo-
nia, ethanol vapor, NO2, CO, CH4, and dimethyl methylphosphonate
(DMMP) have been reported [2–4]. In particular, two major types of
CNT-assisted chemiresistor sensors have attracted attention in recent
years. They are based on inorganic semiconductors [5,6] andorganic poly-
mers [7–9]. The sensing mechanism is based on a marked change in di-
electric constant or resistivity of the device upon adsorption of the
target vapor. Among these gas sensor types, the CNT/functional polymer
composite gas sensors appear to provide the following advantages: high
gas differentiation at room temperature, high recovery (i.e., analyte de-
sorption) rate, and the ability to be integrated intomicrostructured sensor
designs. [10–16] In this study, a simple gas sensing electrical system chip
composed of a 30-sensor array was developed for room temperature
sensing. The array includes 15 different composite sensor types, i.e., sens-
ing stacks consisting of multi-walled carbon nanotubes (MWCNTs) and
one of the 15 different conductive polymers.
rights reserved.
2. Experimental details

2.1. Gas sensing system chip and gas sensor preparation

Fig. 1 shows a stainless steel testing stand with a Si (001) chip
consisting of 30 gas sensors and the corresponding 30 independent sens-
ing electrical leads in a 2×15 arrangement to facilitate measurement of
the resistance response of each sensor. The chip is 34 mm×20 mm in
size. Each circular membrane sensor is about 2 mm in diameter.

The gas sensors are composed of layer stacks consisting of polymer/
MWCNT/Si wafer. Metallic MWCNTswere purchased fromXinNanoMa-
terials, Inc. and has the following specifications: ~8 nm in diameter,
13 μm in length, and purity>90%. The polymer materials for this study
were selected by considering sensor–analyte interactionswith linear sol-
vation energy relationships to insure gas detection specificity [17,18],
and with favorable physical adsorption/desorption properties to im-
prove sensor robustness and repeatability. The 15 selected polymer ma-
terials are listed in Table 1.

To place each sensor at the desired spot on the chip, a two-step so-
lution droplet method was used, as shown in Fig. 2. First, the electrode
layer was prepared by drop-casting a methyl ethyl ketone (MEK) solu-
tion (1 wt.% MWCNTs) on the surface of an interdigitized microelec-
trode (IME) device on the Si wafer, followed by evaporation of the
solvent in air at room temperature. The dry MWCNT electrode layer
was then cast from an MEK solution containing 1 wt.% polymer which
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Fig. 1. A stainless steel testing stand installed with electrical leads and an array of 30 gas
sensors on an IME device on a Si(001) wafer.

Fig. 2. Schematic diagram showing process steps to prepare the gas sensors on a Si wafer.
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was subsequently heated to 40 °C in vacuum for 12 h to form a double
layer film, as described elsewhere [19].
2.2. Gas sensing experiments

The tested gases (analytes) include four different chemical warfare
agent simulants: dichloromethane (DCM), acetonitrile (ACN), 2-
chloroethyl ethyl sulfide (2-CEES), and dimethyl-methyl phosphonate
(DMMP). To conduct the gas sensing experiments, the testing stand
with sensor array chip was placed in a glass vessel. Analytes with
known concentrations were generated by a Standard Gas Generator
(made by KIN-TEK Laboratories, Inc.), where the gas concentration was
calibrated by measuring the weight loss from the organic solvent solu-
tion. The gasflow ratewas controlled by a calibratedmass-flowcontroller
(made by Aalborg, Inc.) with air as the carrier gas. For each test, the sys-
tem stabilized after about 300 s. Analyte at a flow rate of 100 mL/min
was then infused into the chamber for 300 s (adsorption), followed by in-
fusing dry air for another 300 s (desorption). After each testing run, the
chamber was purged with dry air. Electrical resistance outputs (△R/R
%) from each sensor element were measured using a digital multimeter
with signals addressed using a multiplexer switch unit. Typical response
curves are shown in Fig. 3. “Radar plots” illustrating the sensor response
Table 1
Polymer materials used in the composite sensor array.

Sensor numbera Polymer

S1, S2 Styrene allyl alcohol copolymer
S3, S4 Poly(vinylidene chloride-co-acrylonitrile)
S5, S6 Polyvinylpyrrolidone
S7, S8 Poly(methyl vinyl ether-alt-maleic acid)
S9, S10 Poly(alpha-methylstyrene)
S11, S12 Poly(ethylene adipate)
S13, S14 Poly(vinyl benzyl chloride)
S15, S16 No polymer
S17, S18 Poly(4-vinylphenol-co-methyl methacrylate)
S19, S20 Poly(epichlorohydrine)
S21, S22 Polystyrene
S23, S24 Polycarbonate
S25, S26 Polyethlene glycol
S27, S28 Polyethylene oxide
S29, S30 Ethyl cellulose

a Sensor numbers of S1, S2… correspond to the sensor position numbers of 1, 2… in Fig. 1,
respectively.
(△R/R %) from 30 sensors (two sensors for each of 15 different sensor
types) were obtained, from which the finger print pattern of resistance
response (△R/R%) from30 sensors of 15 sensor types can be determined.
Responses of the thirty polymer/MWCNT composite sensors were nor-
malized by the sum of all the sensor response values for the given
analytes. This normalization process reduces the dependence of the
array response on the vapor concentration and also slightly reduces the
effects of sensor drift. By adopting the method of principle component
analysis (PCA) of the radar plots, the gas specificity can be enhanced.
3. Results and discussions

3.1. Room temperature sensor response curves

Typical room temperature sensor response (△R/R %) as a function of
testing time for determining DMMP gas with concentrations ranging
from 43 ppm to 356 ppm by sensor S28 on the chip is shown in Fig. 3.
The inset in Fig. 3 is the corresponding sensor peak response as a function
of gas concentration. A resistance variation of about 1.6% can be achieved
at a concentration of 43 ppm. The inset demonstrates sensor linearity be-
tween the measured resistance and the gas concentration, which also
was seen for the other 29 composite sensors and the three different vol-
atile organic compound analytes. Bymonitoring the signal-to-noise(S/N)
Fig. 3. Room temperature sensor response (△R/R %) versus sensing time curves for DMMP
gas at concentrations ranging from 43 ppm to 356 ppm for sensor S28 on the chip. The inset
shows the corresponding sensor peak response as a function of gas concentration.
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Fig. 4. Radar plots of the room temperature resistance response (△R/R %) of a 30-sensor
array exposed to DMMP gas at six different gas concentrations in air.

Fig. 6. The3-Dprinciple component analysis (PCA)plots showing the sensing reproducibility
and gas differentiation for four different gases.
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ratio of the resistance response and carefully controlling the process and
environment, a detection limit much lower than 43 ppm DMMP gas at
room temperature can be achieved.
Fig. 5. Radar plots of the room temperature resistance response (△R/R %) of a 30-sensor array for
(1230 ppm), and (d) DMMP (356 ppm) gases.
3.2. Effect of gas concentration on sensor response

To construct a library of sensor responses, radar plots for 4 different
gases and several concentrations were determined. Typical radar plots
different gases and concentrations in air: (a) DCM (12.3 wt.%), (b) ACN (1.3 wt.%), (c) CEES

image of Fig.�4
image of Fig.�5
image of Fig.�6


208 P.K. Chuang et al. / Thin Solid Films 529 (2013) 205–208
show resistance changes (△R/R %) for DMMP gas concentrations rang-
ing from 43 ppm to 356 ppm and are shown in Fig. 4. It is obvious that
the shapes of the radar plots are similar for different gas concentrations,
and the enclosed areas of the plots are proportional to gas concentra-
tion. These plots illustrate a significant advantage of this sensor system.
An appreciable response can be seen at room temperature, and the in-
tensity of which is comparable with the reported responses observed
at higher temperatures for this gas [20].

3.3. Effects of gas type on sensor response and sensing mechanisms

Fig. 5 shows typical radar plots to demonstrate the room temperature
resistance response (△R/R %) for an array of 30 sensors (2 sensors for
each of 15 sensor types) for different gases and concentrations in air:
(a) DCM (12.3 wt.%), (b) ACN (1.3 wt.%), (c) CEES (1230 ppm), (d)
DMMP (356 ppm), respectively. It shows that the shapes of the radar
plots are significantly different for these four different gases. The reason
for such a difference in plot shapemay be correlatedwith interaction ac-
tivities of gases with resident microstructural differences of these com-
posite gas-sensing materials (CNTs+polymers), e.g., the nature of their
attendant chemical functional groups. In general, the sensing behavior
of polymers is related to localized molecular interactions with the ana-
lyte, including chemical bond formation, surface chemical reactivity, sur-
face dipole interaction, and long-range van der Waals forces. At the
molecular level, it was reported that parameters like polymer backbone
planarity, side chain length, conjugation length, and structural transfor-
mation energymay influence the conductivity [21]. The analyte–polymer
interaction most likely modulates one or more of these parameters, thus
influencing the surface resistivity intrinsic to the thin film polymer. This
implies the possibility that multiple sensing mechanismsmay act simul-
taneously. Upon exposure of a specific polymer to a particular analyte,
one mechanism most likely dominates, resulting in the measured resis-
tivity change [22]. These polymers may produce a positive response to
polar analytes and a negative response to non-polar analytes. One possi-
ble explanation is that the dipole–dipole electrostatic force between
polar analytes with certain dipole moments and polymer dipolar alkyl
side chains can compress the polymermolecules, thus reducing the hop-
ping distance and associated activation energy.

In otherwords, Figs. 4 and 5 indicate that the shape and the enclosed
area of radar plot depend on gas type and concentration, respectively.
The gas specificity of this sensor array was mainly enhanced due to ex-
cellent selection of gas sensingmaterials and device structures. It can be
concluded that the radar plots are good fingerprints for these four dif-
ferent toxic gases with concentrations in ppm range.

3.4. Sensor array analyte specificity

From the radar plot data-base for various gases and concentrations,
the principal component analysis (PCA) method was used to analyze
the gas differentiation and sensing reproducibility. The PCA method es-
sentially reduces a large number of correlated variables to a fewer num-
ber of linearly-independent combinations of variables. Fig. 6 shows 3-D
PCAplots for four analytes. They clearly demonstrate that the four tested
gases are characterized by their own well-defined boundaries, and that
the data scatter around three points in each gas boundary is relatively
small. In other words, results signify that excellent gas specificity and
sensing reproducibility can be achieved for the four tested gases. The
first two principal components on the two horizontal axes of Fig. 6
show a high cumulative variance of 94.49%.

4. Conclusions

An array composed of 30 composite bilayer sensors prepared on a Si
wafer was fabricated by solution droplet casting MWCNTs followed by
one of the 15 functional polymer materials. The experimental results of
the radar plots for an array with 30 gas sensor stacks (polymer/
MWCNTs/Si wafer) were shown to successfully differentiate among the
four tested toxic gases with sensitivity in the ppm concentration range,
and their associated PCAs could be used to read the complicated radar
plots for different gas types. The resistance variation (△R/R %) for the
43 ppm concentration of the DMMP gas mixture can reach about 1.6%
even at room temperature. By monitoring the S/N ratio of the resistance
response and carefully controlling the process and environment, the sen-
sitivity much lower than 43 ppm concentration for DMMP gas at room
temperature is likely. In conclusion, this MWCNT-assisted chemical gas
sensing array can be very helpful for the future development of the inte-
grated gas sensing chip with a “system-on-chip” design.
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