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Abstract—Alcohol sensors, batch fabricated by forming bun-
dles of chemically functionalized multiwalled carbon nanotubes
(f-CNTs) across Au electrodes on SiO- /Si substrates using an
AC electrophoretic technique, were developed for alcohol vapor
detection using an ultralow input power of ~ 0.01 — 1 W, which
is lower than the power required for most commercially available
alcohol sensors by more than four orders of magnitude. The
multiwalled carbon nanotubes (MWCNTSs) have been chemically
functionalized with the COOH groups by oxidation. We found that
the sensors are selective with respect to flow from air, water vapor,
and alcohol vapor. The sensor response is linear for alcohol vapor
concentrations from 1 to 21 ppm with a detection limit of 0.9 ppm.
The transient response of these sensors is experimentally shown to
be ~1 s and the variation of the responses at each concentration
is within 10% for all of the tested sensors. The sensors could
also easily be reset to their initial states by annealing the f-CNTs
sensing elements at a current of 100-200 A within ~100-200 s.
We demonstrated that the response of the sensors can be increased
by one order of magnitude after adding the functional group
COOH onto the nanotubes, i.e., from ~0.9% of a bare MWCNTSs
sensor to ~9.6% of an f-CNTs sensor with a dose of 21 ppm
alcohol vapor.

Index Terms—Alcohol sensors, chemical sensors, CNT function-
alization, CNT sensors, low-power-sensing.

I. INTRODUCTION

ICRO sensors, based on physisorption or chemisorption,
M are now playing an important role in detecting chemical
vapors for environmental protection and monitoring, process
control, homeland security, and personal safety [1]-[5]. Among
various kinds of nanomaterials, carbon nanotubes (CNTs) have
attracted substantial attention because of their unique struc-
tural, electronic, optical, thermal, and mechanical properties
[6]. These properties make them potential candidates for use as
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building blocks of active nanostructured materials in nanoelec-
tronics, field emission devices, and gas sensors [7], [8]. The gas
sensing property of the CNTs at room temperature is applicable
to many kinds of applications [9] due to the fact that CNTs
have nanosized morphology and high surface-to-volume ratio,
resulting in high sensitivity and rapid gas adsorption. Interac-
tion with gas molecules can change the electrical properties
of CNTs, leading to fast response and good reversibility [10].
J. Kong et al. [11] have demonstrated chemical sensors based
on individual single-walled carbon nanotubes (SWCNTs),
where upon exposure to gaseous molecules such as NOy or
NHj3, the electrical resistance of a semiconducting SWCNT
is found to significantly increase or decrease. M. Penza and
coworkers from Italy [12] have fabricated and characterized
surface acoustic waves (SAWSs) sensors coated by CNTs for
chemical detection of volatile organic compounds (VOCs).
Ethanol vapor has been one of the most extensively studied
gases for gas sensors due to the demand for small practical
devices for breathalyzers or to identify leaks in industrial
distribution lines. The sensing mechanisms include electrical,
optical, and other signal transductions. For alcohol vapor
detection, metal-oxide sensors are probably the most widely
investigated type of sensors because of their high sensitivity.
Tin oxide (SnOy) is one of the most frequently used sensing
materials [13], [14]. In particular, S. Mishra and coworkers
have demonstrated the alcohol sensing ability of tin oxide thin
film prepared by sol-gel process. Its conductance is sensitive
towards vapors at ppm level but it requires a relatively high
operating temperature (623 K) for best performance. This
is undesirable in a practical device as heating leads to high
power consumption [15]. Also, SWCNT-based devices in
field-effect transistor (FET) geometry have been fabricated and
their response to alcohol vapors was shown to be significant by
T. Someya et al. in 2003 [16]. However, it is generally not easy
to obtain semiconducting CNTs in as-grown samples as they
typically contain mixtures of both semiconducting and metallic
types of nanotubes [17]. This leads to low-yield, time-con-
suming and high-cost fabrication process. Besides employing
the electrical property of CNTs, some groups have combined
CNTs and optical detection technique for alcohol vapors.
M. Penza et al. have implemented quartz crystal microbalance
(QCM) and standard silica optical fiber (SOF) sensors coated
by SWCNTs to study alcohol sensing properties [18]. In their
work, detections of alcohol are based on changes in resonant
frequency (mass) and light intensity reflected from the sensing
interface (refractive index) for the QCM and SOF sensors,
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respectively. Also, H. K. Ye et al. have demonstrated the use
of holographic interferometer to sense vapor-induced optical
path length changes in polymer and other chemically sensitive
films [19]. Although the devices are very sensitive, which can
detect alcohol vapors at 1-2 ppb level, they require a relatively
long exposure time (60 s). Moreover, the devices also require
very complicated experimental setup so they may not be easily
transformed into mobile and portable commercial products.
A research group in Denmark has reported the development
of alcohol vapor sensors using microcantilever probes [20].
In order to detect alcohol vapors, one side of the cantilever is
coated with a polymer film. The cantilever response, i.e., the
change in resistivity of the resistor on the cantilever, induced
by the stress change in the film, is monitored as the output
voltage from a Wheatstone bridge. Its detection limit is low,
which is below 10 ppm. But as the polymer coating is sensitive
to water vapor, all experiments can only be done at very low
humidity level (3%). Also, full reversibility can only be reached
after ~1 h, which hampers its practical applicability. In this
paper, we will present the possibility of using chemically
functionalized multiwalled carbon nanotubes (f-CNTSs) as the
sensing elements for detection of alcohol vapors with ultralow
power consumption (in W range) and high reproducibility.
The detections are based on the changes in resistance of the
CNTs-based sensors. Their reversibility can be achieved easily
within 1-2 min with annealing current of 100-200 pA. The ac
electrophoretic technique batch fabrication of the sensors is fast
(within 3 mins), simple, and low-cost. Moreover, the sensors
made are small in size (~several ym) and can be operated in
room temperature. All these characteristics make the f-CNTs
alcohol sensors very appealing for commercial applications.

II. SENSOR FABRICATION

A. Fabrication of the Sensing Element: f-CNTs

Commercially available multiwalled carbon nanotubes
(MWCNTSs) (by chemical vapor deposition method, from
Shenzhen Nanotech Port Co. Ltd., China) with length of
1-2 pm and diameter of 10-20 nm were employed in our
experiment. The MWCNTSs were purified by heating in a box
furnace at 400 °C for 2 h at 1 atm. Then, purified MWCNTSs
were sonicated in 3:1 concentrated sulfuric acid and nitric
acid for different time intervals. By this method, the MWCNTSs
can be oxidized and COOH groups will be grafted along the
sidewall and the tube ends of the MWCNTs as shown in Fig. 1
[21]. We believe that the longer the time interval for the son-
icating process, the larger the amount of COOH groups will
be attached onto the MWCNTs. In this paper, the response of
two types of f-CNTs, with sonicating times of 4 h and 1 day
respectively, are presented. After sonicating, the functional-
ized MWCNTs were collected by centrifuging and washed
thoroughly with DI-water until the pH value was ~6-7. The re-
sultant solid were then redispersed in propylene carbonate (PC)
with density of 0.1 mg/ml for use. We believe that with polar
COOH groups attached onto the nanotube surface, the sensors
will give stronger response towards the alcohol vapors as their
absorption efficiency with these volatile organic molecules
will be increased due to the fact that there are dipole-dipole
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Fig. 1. Schematic diagram of the chemically functionalized carbon nanotubes,
which have COOH groups attached along the sidewall of the MWCNTs.

O : Hydrogen

O : Oxygen

Ethanol molecules

Hydrogen ~
bonding

Fig. 2. The proposed mechanism for alcohol vapor detection using f-CNTs
sensors. The COOH groups tend to form hydrogen bondings with the ethanol
molecules at room temperature.

interactions (mainly hydrogen bonding) between the COOH
groups on the MWCNTs and the polar organic molecules like
ethanol. Fig. 2 shows a schematic diagram of how the ethanol
molecules interact with the COOH groups through hydrogen
bonds.

B. Batch Fabrication of the Sensor Chip

The Au microelectrodes were first fabricated on the Si-sub-
strate by the liftoff process. The f-CNTs were then batch manip-
ulated across the microelectrodes by AC electrophoresis with a
16 V peak-to-peak voltage and 1 MHz sine wave signal. The
details of the fabrication process can be found in our previous
paper [22]. The Si-based chip was then wire-bonded to a printed
circuit board (PCB) for electrical connection to the measuring
unit. A plastic cover was put on top of the sensor chip. Ten holes
(diameter of 1.2 mm) were drilled on the PCB board, which
were around our sensor chip and under the plastic cover, for the
outlet of the vapors.

III. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 3. Absolute ethanol
(from Merck Ltd., 99.9%) was used as the stock solution. We
then prepared ethanol:water solutions of different concentra-
tions by mixing different volume ratios of ethanol and DI-water
(>15MOhm-cm). The concentrations of alcohol solution mixed
were from 5 to 100 ppth. We calculate the alcohol solution con-
centration as 1 ppth = 1 partin 102 = 1 mL per L. 1 ppth =
0.2 mL ethanol solution per 200 mL as the total volume of so-
lution used in our case was 200 mL. So, an ethanol solution of
10 ppth can be made by mixing 2 mL of absolute ethanol with
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Fig. 3. Schematic diagram of the experimental setup for detecting alcohol
vapor. Inset A and B show the array of Au microelectrodes on the SiO-./Si
substrate and a scanning electron microscopic (SEM) image of the f-CNTs
formed between a pair of parallel Au microelectrodes respectively.

198 mL of DI-water. The alcohol vapor was generated by di-
recting a well-controlled flow of compressed air into the mixed
alcohol solution. According to Henry’s Law [23], the alcohol
content in the air drawn off depends on the concentration of al-
cohol in the solution and the temperature at which the alcohol
molecules are released from the liquid into the air [24]. The tem-
perature dependence of the distribution coefficient K, /,, which
indicates the ratio of the alcohol concentration in the air relative
to that in the water, can be expressed by the following equation
[25]:

kajw = 0.04145¢006983T % 1073 (1)

in which T is the temperature in °C. As all tests were performed
at room temperature of ~ 25 °C, the alcohol vapor concentra-
tions tested in our experiments correspond to 1-21 ppm as cal-
culated by (1).

With the use of a Keithley 2400 SourceMeter, we studied
the response of the sensors in a constant current configuration.
We took the data every 0.7 s. We will define two currents here
so as to make the explanation below clear. The first one is 7,
which is for the activation of the sensors. We use 1-10 pA as
the activation current. The second one is I,,pea1, Which is for
the annealing of the CNTs sensing elements so that they can be
restored to their initial resistance. lanneal is 100200 pA.

IV. RESULTS

A. Power Consumption

Many research groups have investigated the electrical proper-
ties of individual CNTs in the last decade [26], [27] and shown
their low power (microwatt) characteristics. Although bundles
of MWCNTs are complex networks of individual CNTs, they
also show a similar behavior according to our prior studies [22].
We have observed that the performance of CNTs bundles can
have large variations in resistance, and hence we speculate that
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were performed for each sensor to validate the repeatability. The straight line is
the theoretical expectation using Ohm’s law.
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Fig. 5. Observed resistance change of the 1-day f-CNTs sensor with the intro-
duction of 21 ppm concentration of alcohol vapor.

the chemically functionalized MWCNTSs with COOH groups
would also exhibit the same phenomenon. So, we first examine
the I-V characteristics of two bundled f-CNTs sensors (4-h and
1-day oxidized) using a constant current configuration. The re-
sults are shown in Fig. 4 and are similar to other previous re-
ports. A self-heating effect started at 100 A and 1 V (35 pA
and 1.1 V) for 4-h (1-day) oxidized f-CNTs. This shows that
we can treat the bundled f-CNTs as a resistive element with ul-
tralow power requirement. In all experiments, we activated the
sensors at the linear region of 1 A (below the overheat current)
with the power consumption of only ~ 0.006 — 0.04 uW.

B. Typical Response

Fig. 5 shows the observed response of the sensor at 25 °C
when an alcohol vapor of 21 ppm was blown onto the sensor.
The transient response of the sensor is very fast. As we can see
in Fig. 5, a sharp response was observed within 1 s after we
delivered alcohol vapor into the chamber. We filled the chamber
with the alcohol vapor for 10 s. In the following discussion,
the response of the sensors towards the ethanol vapor will be
represented by the resistance change (AR).

C. Selectivity

We also compared the response of the f-CNTs sensor to the
flow of compressed air, DI-water vapor, and alcohol vapor.
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Fig. 6. Comparison of the response of an f-CNTs sensor towards the flow of
compressed air, water vapor, and alcohol vapor.

When we blow the alcohol vapor onto the f-CNTs sensors,
three factors will affect the observed sensor resistance response
(AR). The first factor is the air flow. From our previous find-
ings [22], we know that MWCNTs are sensitive to the change
of temperature and their resistance drops with increasing tem-
perature, which indicates a negative temperature coefficient of
resistance (TCR) of the CNTs. We have also tested the f-CNTs
and they have similar characteristics. As the vapors flowing
onto the sensors will convectively take away an amount of heat
from them, it will enhance the response signals by a certain
amount as well. The second factor is the DI-water used to mix
with the absolute ethanol. As most of the concentrations of the
alcohol vapors we tested are not very high, a very large volume
ratio of the ethanol solution will be DI-water. Although the
vapor pressure of water (3.2 kPa at 25 °C) is lower than that of
absolute ethanol (7.9 kPa at 25 °C), the water molecules can
also form hydrogen bonds with the COOH functional groups.
If the COOH group can form more extensive hydrogen-bond
interaction with the water molecules, i.e., the f-CNTs are more
sensitive towards the DI-water than the absolute ethanol, it
will severely affect our results. The third factor is the absolute
ethanol, which is what we want to measure. We compared the
response of these three kinds of vapors by using the same ex-
perimental setup except that the ethanol solution was replaced
with the compressed air and DI-water respectively. Hence, we
could separately assess the contributions of these three kinds
of vapors towards the observed response. As shown in Fig. 6,
the signal of the alcohol vapor is easily distinguishable from
those due to the flow of compressed air and water vapor, i.e.,
the response from the 1 ppm alcohol vapor was ~1.5 times
larger than the other two kinds of vapors. So, this confirms that
the f-CNTs are really detecting the ethanol molecules from the
alcohol solution. This promising result encourages us to further
investigate the response of the sensors towards other alcohol
concentrations.

D. Alcohol Sensing Ability

Similar measurement like the one mentioned in Part B was
carried out under the exposure of alcohol vapors from con-
centrations of 1-21 ppm. It shows a good linear dependency
between the response and the alcohol vapor concentration as
shown in Fig. 7. Both sensors have very good reproducibility
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Fig. 8. Measured relative percentage change of the resistance: AR/R, X
100%, of three different sensors: bare MWCNTs, 4-h f-CNTs, and 1-day
f-CNTs. The results of the f-CNTs sensors correspond to the results in Fig. 7.

for vapors of all concentrations. Three cycles of data for two
sensors (4-h f-CNTs and 1-day f-CNTs) were collected at each
concentration. The fluctuations of the data at all concentrations
are within 10% of the average values. In Fig. 8, the depen-
dence of the relative resistance change of the sensors on the
concentration level of alcohol vapors is also shown. We can
clearly notice that the response of the 1-day f-CNTs sensor
is two times stronger than the 4-h f-CNTs. These results are
reasonable as we expect that the longer the time interval for
the oxidation process in acid, the larger the amount of COOH
group will be attached to the MWCNTSs, which results in more
hydrogen-bond interaction and stronger response. We further
compare these results with those using the bare MWCNTs.
The response of the bare MWCNTs is ten times and four
times weaker than the 1-day and 4-h f-CNTs, respectively, and
it confirms that the COOH functional group is indeed more
attractive towards the alcohol vapors.

E. Reversibility

We found initially that even after the source of alcohol vapors
was removed, the recovery time of the sensors was long, i.e., in
the order of a few hours. The increase in resistance we have ob-
served in all measurement must be due to the ethanol molecules
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Fig. 9. Measured relative percentage change of the resistance: AR/R, X
100%, of an f-CNTs sensor with an application of 21 ppm alcohol vapor after
different annealing parameters. (A) First response. (B) Second response after
annealing at 100 A for ~100-200 s. (C) Third response after annealing at
150 pA for ~100-200 s. (D) Fourth response after annealing at 200 A for
~100-200 s.

being tightly adsorbed onto the nanotubes. So, we conjecture
that the reversibility could be obtained and sped up by heating
the sensor to a high enough temperature to “burn” away the al-
cohol molecules. But, there are two uncertainties. The first one is
that the effective annealing temperature is unknown, i.e., what
input power is required to “get rid of” the alcohol molecules.
The second one is that not only the adsorbed alcohol vapors but
also the COOH groups can be burned away if a sufficiently high
annealing temperature is used, which thereby reduces the re-
sponsiveness of the sensors if they are used again. That is, the
sensors may then lose part of their sensitivity towards the al-
cohol vapors even they can return back to their initial resistance
after annealing. We propose that there are two kinds of bonding
mechanisms in our system. One is the hydrogen bonding be-
tween the COOH functional group on the MWCNTs and the
OH group of the ethanol molecule, which is ~ 21 kJmol ~* [28].
Another one is the carbon—carbon single covalent bond between
the COOH functional group and the MWCNTSs, which is ~
350 kJmol ~* [28]. As the strength of the covalent bond is more
than 10 times stronger than the hydrogen-bond, we expect that
normal heating (< 100 °C) can only remove the physisorbed
ethanol molecules rather than the chemisorbed COOH func-
tional groups. We proved this by the following experimental
results. Two sets of data are shown in Fig. 9, which are the
responses of an f~-CNTs sensor after 21 ppm alcohol vapor is
applied onto it. The sensor has been annealed with I,;ea1 Of
100-200 pA for ~100-200 s. But, it is difficult to determine the
exact annealing time required because the decrease in sensors’
resistance not only includes the alcohol molecules desorption,
but also an intrinsic characteristic of the CNTs, which is the neg-
ative temperature coefficient of resistance (TCR) [22]. The re-
sult shows that the performance of the sensor did not vary much
after different annealing processes. To further demonstrate the
sensor’s repeatability, a second set of data with the same ex-
perimental setup 18 days after the first set was collected. The
results are similar to the first set. Here, we have illustrated that
the reversibility of the f~CNTs sensors can easily be achieved
if a high enough current is passed through them to accelerate
the alcohol vapor desorption process. Also, due to the sensor’s

reversibility, we conclude that the bonds between the COOH
groups and the ethanol molecules must be noncovalent; while
those between the COOH groups and MWCNTSs must be co-
valent, and should be stable up to > 100 °C, as demonstrated
similarly by G. Ovejero et al. using thermogravimetric analysis
[21].

F. Ultimate Sensitivity of the Sensors

In this paper, we define the sensitivity of alcohol sensors as the
minimum input alcohol level that will create a detectable output
change. It represents the minimum detectable alcohol level of
the sensors, which is an important figure of merit of alcohol
sensors. In this section, we will present a formal definition of
sensitivity of the sensors, followed by a discussion of the ex-
periments we performed for the sensitivity analysis. At last, the
result of the sensitivity for our sensors will be given. We define
the sensitivity of the sensors as
__system output noise(no)

@)

sensitivity(«) responsivity

o change in output(dy)
t = :
responsivity(/3) change in input(dx) ®

As the absolute resistance of the alcohol sensors is not well con-
trolled and varies from sensor to sensor, it will be more suitable
to compare the responsivity () using the percentage change of
sensors’ resistance. Hence, (3) can be rewritten as

responsivity (/)
__ percentage change of resistance(d R/ Ry)

concentration change of alcohol(dc) @
Using the experimental result of 1-day f-CNTs in Fig. 8, we
found that the responsivity of our sensor is ~0.23%/ppm. To
find the system output noise (ng), we used the same experi-
mental setup as presented in Section II and measured the re-
sistance of the sensor without applying the alcohol vapor. The
sensor was kept under constant environment (25 °C and 40%
relative humidity). Theoretically, the resistance of the sensor
should not vary. However, in reality, the resistance of the sensor
would fluctuate due to wideband noise. We took 1000 resistance
samples for 700 s under this condition and computed the aver-
aged output noise (ng) using the following equation:

averaged output noise in percentage(ng)

[ R:)?

1600 } /R x 100% (5)

where Ry is the mean value of the sensor’s resistance and R; is
the individual measurement. It was found that the typical aver-
aged output noise (ng) of our sensor is 0.1%-0.2%. Hence, the
sensitivity of our sensor based on this measuring methodology
is 0.4-0.9 ppm. This means that the limit of detection for our
1-day f-CNTs sensor is 0.9 ppm at best.

It is possible that our measuring equipment and the environ-
ment may contribute to the system output noise. To further in-
vestigate the source of noise of the CNTs sensors, we repeated
the same experiment but replaced the f-CNTs sensor with a
carbon film resistor with similar resistance. We have found that
the noise of this carbon film resistor is 0.01%-0.02%, which is
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an order lower than the f~-CNTSs noise. Hence, we can conclude
that most of the noise in the f-CNTs sensor is inherent noise
(noise that exists in the f~-CNTs) rather than noise coming from
measurement. Theoretically, resistors only have thermal noise
which can be formulated by [29]

v2 = 4KTRAf (6)

where Af is the measuring bandwidth, 7" is the temperature,
and k is the Boltzmann constant. The measuring bandwidth is
defined by equivalent capacitance (C') connected parallel with
the resistor, hence, thermal noise can be formulated as [29]

vZ = ET/C. (7

So, from (7), the thermal noise of resistors in the same cir-
cuit should be the same. Hence, we concluded that there exist
other noise phenomena, besides thermal noise, that contribute
to f-CNTs inherent noise. It is reported that 1/f noise (a noise
that exists in many semiconductor devices) is one of the in-
herent noise in CNTs [30]. We believed that unexpected exces-
sive noise in our f~-CNTs sensor may also be 1/f noise. Further
research on CNTs noise sources is undergoing in our group now.

V. CONCLUSION

We demonstrated the potential of turning chemically func-
tionalized MWCNTs based sensors into ultralow-powered,
selective, reproducible, highly sensitive, and reversible alcohol
sensors. Based on our experimental results, we show that
MWCNTs sensors, especially for those with proper function-
alized groups, are sensitive to a wide range of alcohol vapors
and potentially other volatile organic compounds, making them
very attractive for commercialization due to their extreme
low-power requirements for activation and simple and low-cost
fabrication process.
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