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Abstract

A sensor was made using Au/Cr electrodes on a glass substrate and a thin carbon multiwall nanotube film printed between them. A bias-
heating method was used completely to desorb gas molecules and restore its initial conductance. The temperature of the thin carbon nanotube film
varied depending on the magnitude of the voltage used, and this relationship was investigated. After being used to detect NO2, the sensor returned
to its initial conductance. This method enables complete recovery without additional processing steps, such as the fabrication of heat structure and
ambient heating.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since the report on the use of carbon nanotubes (CNTs) as a
gas sensor [1,2], they have been investigated as materials of
chemical sensor because they can detect small concentrations of
molecules with a high sensitivity under ambient conditions (the
large surface area of CNT provides a very large gas absorptive
capacity) and the CNTsensor has a fast response [3–6]. However,
the CNTsensor does not perfectly return to its initial conductance
at room temperature [7–10]. Its reversibility is achieved through
slow recovery under ambient condition at room temperature or
through heating of the sensor to a sufficiently high temperature.
Therefore, to decrease the recovery time of CNT sensor, the
additional process or structure is necessary [10].

Also, we have reported previously about recovery by using
ambient heating and a fabricated microheater [11–13]. In case of
using microheater, the recovery time was reduced within several
minutes, but the microheater had complicated the fabrication

process. The sensor is essential to simple fabrication process and
fast recovery time in a commercial product. In the previously
published reports, the temperature variation has a significant
influence on the electrical properties of CNT [14].

In this work, we fabricated the chemical sensor employing
multiwall CNTs (MWCNTs) as an active sensing element by
using screen-print method and the sensor returned to the initial
conductance employing a bias voltage. And, this relationship
between the sensor temperature and variation of bias voltage
was investigated.

2. Experimental

A sensor schematic is shown in Fig. 1. The sensor consisted
of a soda-lime glass substrate (with a size of 8×5 mm with
1 mm thick), a thin MWCNT film, a pair of metal (Au/Cr)
electrodes, and temperature sensor (thermocouple, K-type).
MWCNTs were 95% pure of ~10–15 nm in diameter and
synthesized using thermal chemical vapor deposition [15]. The
paste was made of an MWCNT (5 wt.%), a glass frit, a solvent,
and an organic binder by 3-roll milling process. The sensitive
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area of 3×3 mm was fabricated by a screen printer. The printed
paste was dried at 100 °C for 1 h in air and then burned at
400 °C for 30 min in a furnace. The samples were fired under a
combinational atmosphere of N2 and then naturally cooled to
room temperature.

The MWCNT sensor was loaded into a vacuum system to
10-3 Torr and then exposed to a NO2 concentration of 50 ppm.
The sensor output was measured using a Keithley 2400 source-
measure meter and LabVIEW software. The input voltage was
fixed at 1 V, and the recovery voltage was biased using a HP
power source (HP E3611A). The sensor was connected in
parallel between Keithley 2400 and power source. When the
sensor was saturated with NO2, Keithley 2400 was turned off,
and at the same time, power source was turned on by the
recovery switch. In addition, when the temperature reached a

target value, power source was turned off, and Keithley 2400
was turned on.

3. Results and discussion

In case of CNTchemical sensor fabricated by screen-print method, the
sensitive MWCNT films were covered with the organic materials. Fig. 2
shows a typical high-resolution scanning electronmicroscopy (HR-SEM)
images of the MWCNT films of the burnout before (Fig. 2a and b) and
after (Fig. 2c and d). The organic materials disturbed the adsorption
between target gas and MWCNT surface. Accordingly, to remove the
organics, the thin sensitive MWCNT films were thermally treated and
then were more protruded from the substrate surface [16]. Therefore,
thermal treatment plays an important role in the removal of organic
materials such as binders, which improves the sensitivity of gas sensor.

Fig. 3 shows the temperature variation depending on a bias voltage
in vacuum of 10-3 Torr. The temperature of A curve was kept constant
(~50 °C) at a bias voltage of 10 V for 15 min. In this result, MWCNT
film was operated as a heating element with a bias voltage. In addition,
when the power of bias voltage was turned off, the temperature rapidly
returned to room temperature. From A to E, it is shown that the
temperature variation was dependent on the bias voltage. And, the bias
voltage was increased with a step of 5 V in the range of 0–25 V. Here,
temperature change was proportional to the bias voltages, and appeared
very stable. Temperatures of B, C, D, and E curves were ~49 °C,
~66 °C, ~80 °C, and ~103 °C, respectively. The thermal generation
resulted in dc heating of the nanotube under high-bias current flow in
the contact resistances between CNT–CNT and CNT–Electrode [17].
The currents of B, C, and D curves for bias voltage were approximately

Fig. 1. Schematic of the carbon nanotube sensor structure (a) and the fabrication
process by a screen-printing method (b).

Fig. 2. HR-SEM images of MWCNT films before (a, b) and after (c, d) burnout. (a) and (b) show the residual organic material with only dry treatment, and (c) and (d)
don't show the residual material owing to thermal treatment.

2423S.-I. Moon et al. / Materials Letters 62 (2008) 2422–2425



Author's personal copy

20 mA, and that of E curve was 30 mA. In this result, the temperature
variation ratios of B, C, and D curves for bias voltage were decreased
step by step, but that of E curve for bias voltage was increased owing to
the increased current. The increased current in E curve was due to high
voltage and high rising temperature [14]. And, the temperature
variation was also dependent on the possible high electrical current.
Through this result, we knew that thin MWCNT films in the sensor
could be used as a heater. Accordingly, the sensor did not need
additional heating structures and the recovery time could be controlled
by a bias voltage.

In general, NO2 molecules are weakly binded to the nanotube, and
the tube-molecule interaction can be identified as physisorption [18].
The sensor has a limitation in the return to its initial conductance
through degassing in a vacuum. Accordingly, the thermal energy was
needed to desorb gas molecules from MWCNT surface.

Fig. 4 shows the sensitivity and recovery responses of the sensor to
NO2 and that the sensor returned to its initial conductance depending on
the time. In a vacuum state, the sensor conductance was refreshed using
a CNT-bias-heating method. This process removed the residual gas
from the MWCNT surface to obtain its initial conductance (Fig. 4a).
NO2 was injected into the chamber. When the sensor was saturated, the
injection was stopped (Fig. 4b). Then, the MWCNT film was heated by
bias voltage with parallel vacuum pumping. All of the bias voltages are
10 V at a bias current of ~20 mA. The heating operation by a bias
voltage was continuously performed as follows: for 2 min (Fig. 4c and
d), 5 min (Fig. 4e and f). In c curve, the sensor did not perfectly return to
the initial conductance because of a low bias voltage and a short-time
recovery. The experiment of heat treatment was repeated. Generally,
heating value is described by Joule's law as follows: Q=0.24PΔt,
where P is electric power [voltage (V)×current (I)], and Δt is the time
interval. Accordingly, the heating values in c and d curves were 5.76 cal.
In addition, the heating values in e and f curves were 14.4 cal. It is
known that recovery degree was increased if the time became longer.
NO2 was injected into the chamber again (Fig. 4g). The conductance
variation ratio, the sensitivity of the sensor (S) is defined as Gg/G0,
where G0 is the initial conductance of the sensor and Gg is the
conductance of nanotube films when exposed to NO2. The sensitivity
was approximately 22.7%.

And the recovery was maintained for 10 min with the same bias
voltage (Fig. 4h). Then, heating value in h curve was 28.8 cal. This
result shows that recovery time was decreased when the degassing

energy was provided all at once, more than the divided heating. Finally,
it was known that gas desorption is affected by heating value which is
controlled by time and bias voltage. Therefore, we could be known that
the recovery time was more decreased at a high bias voltage.

4. Conclusions

In summary, the MWCNT sensor was realized through the
simple structure by repeating sensing and recovery. We knew
that the MWCNT sensor could possibly return to initial
conductance through a bias voltage without heat structures,
such as heater and heating oven. Therefore, it is confirmed that
the sensor could be fabricated without complex process.
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