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Carbon-nanotube-based resonant-circuit sensor for ammonia
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We present the design and development of highly sensitive and fast-responsive microwave resonant
sensors for monitoring the presence of ammonia gas. The sensor consists of a circular disk
electromagnetic resonant circuit coated with either single- or multiwalled carbon nanotubes that are
highly sensitive to adsorbed gas molecules. Upon exposure to ammonia, the electrical resonant
frequency of the sensor exhibits a dramatic downshift of 4.375 MHz. The recovery and response
times of these sensors are nominally 10 min. This technology is suitable for designing remote sensor
systems to monitor gases inside sealed opaque packages and environmental conditions that do not
allow physical wire connections. @002 American Institute of Physics.
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Gas sensors can be used in a variety of applicationmicrowave signal to the interrogation region, which can be
ranging from domestic gas alarms and medical diagnostithought of as the region around the sensor where it can detect
apparatus to safety, environmental, and chemical plarthe presence of gases such as;NHhe microwave signal
instrumentatiort. Some of the sensor materials that haveinteracts with the sensor resonator and produces a strong
been demonstrated include semiconducting metal ofidessignal at its resonant frequency. This resonant frequency will
silicon devices* organic material§® and carbon black be shifted away from the frequency of the transmitted signal
polymer composite.The most common electrical gas sen-in the presence of N The antenna of a RF receiver is set
sors are solid-state and electrochemical devices, which angp to detect the signal at resonant frequencies from the reso-
known to be inexpensive and safe. Solid electrolytes andhator. The received signal is compared with the transmitted
semiconducting metal oxides have also been used for gawicrowave signal to resolve the shift in frequency as an in-
sensing and have very high sensitivity. The high sensitivitydication of the presence of gas. The key component of this
of these sensors is enabled by operating them at high tensystem is the circular disk resonator coated with carbon
peratureg200—600 °Q to achieve enhanced chemical reac-nanotubes.
tivity between the sensor materials and the gas moleédles. ~ The sensor is designed using a simple microstrip circular
Plastic film sensors have been demonstrated for ammoni@isk resonator coated with carbon nanotubes on the surface
detection and have showed excellent response and recove®j the conducting diskFig. 1(a)]. The prototype of the reso-
times, but detection is done in liquid state, which makes ithator is developed using a milling machine that selectively
difficult to use in remote sensing applicatiof<Conducting
polymers and organic phthalocyanine semiconductors have I

Cu resonator coated

" / with carbon nanotubes

also been investigated for sensing NH he former exhibit

limited sensitivity, whereas the latter tend to have very high
resistivity (sample resistance of10 GQ).!* Also, these sen- . '
sor technologies require direct physical connections, which Feed Line
limit their applications in sealed environments such as food L *

packages and packages of medicine. In this letter, we present
the development of resonant-circuit sensors coated with car-
bon nanotubes. These sensors operate at room temperature,
exhibit sensitivity to ammonia concentrations as low as
~100 ppm, and have response and recovery times as low as
10 min. These sensors respond to ammonia gas by a change Carbon

in their resonant frequency as a result of interaction of ad- Nanotubes Cu disk
sorbed ammonia molecules with the carbon nanotubes. The
change of resonant frequency can be easily detected using a
radio-frequencyRF) receiver that will enable the design of a
remote sensing system. ®) Duroid Substrate

In a remote sensing system, a RF transmitter will send a

FIG. 1. (a) Schematic of the resonator sensor used in this study. The shaded
regions represent copper metal on which the nanotube coating is afp)ied.
3E|ectronic mail: apham@clemson.edu Cross-sectional view of the resonator sensor.
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FIG. 3. Measured return loss of the SWN# and MWNT (b) coated
(b) sensors vs frequency under different environmental conditiegstepre-

sents the resonant frequency akd, represents the shift in frequency of
FIG. 2. (a) Prototype of the sensotb) Schematic diagram of the testing the sensor circuit.
setup.

etches the copper conductor on a Duroid board. The diamet&emrat'onS Of, ammonia vapéFig. 2). The experiments are
of the disk is determined by conducted using an 8753ES network analyzer that can mea-

sure the resonator’s return loss to determine the resonant

1.84%c frequency. The number of points in the network analyzer is
wo= oa (1) set to be 1600 to ascertain that the accuracy is 0.0125%.
er

Figure 3 shows the measured electromagnetic return loss
wherec=3x10% cm/s is the speed of lighg is the radius as a function of frequency for the resonant sensors coated
of the circular disk, and, is the relative dielectric constant With nanotubes under different experimental conditions. The
of the Duroid substrat&*The actual resonant frequency of dips in these traces correspond to the sensors’ resonant fre-
the disk resonator will be lower than that predicted by thequency o). In vacuum(solid traces w, are 3.87562 and
simple approximate relation used above. However, electro3.895625 GHz for SWNT and MWNT sensors, respectively.
magnetic simulation can be used to optimize the disk diamThe dotted and dashed traces in Fig. 3 correspond, respec-
eter for a desired resonant frequency. Using @3 the ra-  tively, to the responses in the presence of ammdaz4
dius o a 4 GHz resonator is calculated using=3.37, and  PpM and subsequent removal of ammonia from the cham-
board thickness of 60 mils for the Roger RO4003 Duroidber. Clearly,w, of the SWNT sensor changes by 4.375 MHz
board. This resonator is fed by a microstrip line that capacipon exposure to ammonia for approximately 10 min. Arela-
tively couples the energy in a one-port device configurationtively smaller downshift of 3.25 MHz is observed for the
A 3.5 mm connector is soldered to the microstrip line for MWNT sensor. It has also been ascertained that our circular
signal detection. The simulations are conducted using a hig#isk resonators, without the nanotube coating, do not exhibit
frequency structure simulatgHFSS to design the micros- a change in frequency response when exposed to ammonia.
trip feed line and to ensure the resonant frequency of 4 GHz. The response time of 10 min is comparable to that re-
Single- or multiwalled nanotube§SWNTs or MWNTS are  ported for other gas sensdrsHowever, the time in which
physically coated(thickness~5-10 and 70-10Qum for  our sensors regain their original resonant frequencies after
SWNTs and MWNTSs, respectivelyon top of the copper the evacuation of ammonia from the chamber is approxi-
disks using conductive epoxircuit Works CW2400. The  mately 10 minwhich is much fastercompared to other N
lengths of the nanotubes in the SWNT and MWNT samplesensors! For example, SWNT chemical sensors based on
were of the order of several microns with tube diameters ofesistancechange¥ exhibit a fast respons@ few minutey
~1.4 and~25 nm, respectively. The resonator sensor iswith a slow recovery timg8-12 h under exposure to 200

tested in an evacuable, nonmetallic chamber for various corppm of NO,.
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Sensitivity curves for ammonia strate. A circular disk simulation model has been constructed
to include a thin layer of dielectric material on top of the
conducting disk{Fig. 1(b)]. The dielectric constant of this
dielectric layer is varied while monitoring the changes in
resonant frequency. The electromagnetic simulation of this
structure confirms that the resonant frequency is shifted
downward or upward with respect to the increase or decrease
of the dielectric constant of the thin dielectric layer on top of
the circular disk. In the resonators coated with carbon nano-
tubes, the dielectric constant of the carbon nanotubes is be-
lieved to have changed upon exposure to;NIA possible
explanation is that the Njfdmolecules have interacted with
carbon molecules on the walls and ends of the carbon nano-
tubes. This interaction may have created bound charges on
: SWNT coated sensor the surface of the carbon nanotubes resulting in changes in
response to ammonia the dielectric constant of the carbon nanotubes. The absorp-
tion of gas molecules onto carbon nanotubes is the funda-
At MWNT coated sensor mental mechanism that enables changes in the dielectric con-
response to ammonia stant. This property of carbon nanotubes is attractive for the
design of sensors based on changes of the dielectric con-
| . stants or frequency shifts.

1200 In summary, we report the development of microwave
resonant sensors coated with carbon nanotubes for detection
of NH;. To date, this type of resonant sensors provides the

FIG. 4. Comparison between the sensitivities of SWNT and MWNT coatedbest frequency shift or sensitivity on exposure to ammonia.

sensors. This type of electromagnetic resonator sensors can be used in

microwave remote sensing systems that monitor the changes

The sensors used in this study also provide better sens?ir-1 frequency shifts to detect gases. The sensor systems are

tivity (or the frequency shiftas compared to these types of Important in applica_tions that proh_ibit the_ use of physical
resonant frequency detection sensors and are at least fig@nnections or require nondestructive testing.
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