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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. ©2002 American Institute of Physics.
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Gas sensors can be used in a variety of applicati
ranging from domestic gas alarms and medical diagno
apparatus to safety, environmental, and chemical p
instrumentation.1 Some of the sensor materials that ha
been demonstrated include semiconducting metal oxid2

silicon devices,3,4 organic materials,5,6 and carbon black
polymer composites.7 The most common electrical gas se
sors are solid-state and electrochemical devices, which
known to be inexpensive and safe. Solid electrolytes
semiconducting metal oxides have also been used for
sensing and have very high sensitivity. The high sensitiv
of these sensors is enabled by operating them at high
peratures~200–600 °C! to achieve enhanced chemical rea
tivity between the sensor materials and the gas molecule8,9

Plastic film sensors have been demonstrated for amm
detection and have showed excellent response and reco
times, but detection is done in liquid state, which make
difficult to use in remote sensing applications.10 Conducting
polymers and organic phthalocyanine semiconductors h
also been investigated for sensing NH3. The former exhibit
limited sensitivity, whereas the latter tend to have very h
resistivity ~sample resistance of.10 GV!.11 Also, these sen-
sor technologies require direct physical connections, wh
limit their applications in sealed environments such as fo
packages and packages of medicine. In this letter, we pre
the development of resonant-circuit sensors coated with
bon nanotubes. These sensors operate at room temper
exhibit sensitivity to ammonia concentrations as low
;100 ppm, and have response and recovery times as lo
10 min. These sensors respond to ammonia gas by a ch
in their resonant frequency as a result of interaction of
sorbed ammonia molecules with the carbon nanotubes.
change of resonant frequency can be easily detected us
radio-frequency~RF! receiver that will enable the design of
remote sensing system.

In a remote sensing system, a RF transmitter will sen
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microwave signal to the interrogation region, which can
thought of as the region around the sensor where it can de
the presence of gases such as NH3. The microwave signal
interacts with the sensor resonator and produces a st
signal at its resonant frequency. This resonant frequency
be shifted away from the frequency of the transmitted sig
in the presence of NH3. The antenna of a RF receiver is s
up to detect the signal at resonant frequencies from the r
nator. The received signal is compared with the transmit
microwave signal to resolve the shift in frequency as an
dication of the presence of gas. The key component of
system is the circular disk resonator coated with carb
nanotubes.

The sensor is designed using a simple microstrip circu
disk resonator coated with carbon nanotubes on the sur
of the conducting disk@Fig. 1~a!#. The prototype of the reso
nator is developed using a milling machine that selectiv

FIG. 1. ~a! Schematic of the resonator sensor used in this study. The sh
regions represent copper metal on which the nanotube coating is applie~b!
Cross-sectional view of the resonator sensor.
2 © 2002 American Institute of Physics
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etches the copper conductor on a Duroid board. The diam
of the disk is determined by

v05
1.841c

A« ra
, ~1!

wherec5331010 cm/s is the speed of light,a is the radius
of the circular disk, and« r is the relative dielectric constan
of the Duroid substrate.12,13The actual resonant frequency
the disk resonator will be lower than that predicted by
simple approximate relation used above. However, elec
magnetic simulation can be used to optimize the disk dia
eter for a desired resonant frequency. Using Eq.~1!, the ra-
dius of a 4 GHz resonator is calculated using« r53.37, and
board thickness of 60 mils for the Roger RO4003 Duro
board. This resonator is fed by a microstrip line that capa
tively couples the energy in a one-port device configurati
A 3.5 mm connector is soldered to the microstrip line f
signal detection. The simulations are conducted using a h
frequency structure simulator~HFSS! to design the micros-
trip feed line and to ensure the resonant frequency of 4 G
Single- or multiwalled nanotubes~SWNTs or MWNTs! are
physically coated~thickness;5–10 and 70–100mm for
SWNTs and MWNTs, respectively! on top of the copper
disks using conductive epoxy~Circuit Works CW2400!. The
lengths of the nanotubes in the SWNT and MWNT samp
were of the order of several microns with tube diameters
;1.4 and ;25 nm, respectively. The resonator sensor
tested in an evacuable, nonmetallic chamber for various c

FIG. 2. ~a! Prototype of the sensor.~b! Schematic diagram of the testin
setup.
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centrations of ammonia vapor~Fig. 2!. The experiments are
conducted using an 8753ES network analyzer that can m
sure the resonator’s return loss to determine the reso
frequency. The number of points in the network analyze
set to be 1600 to ascertain that the accuracy is 0.0125%

Figure 3 shows the measured electromagnetic return
as a function of frequency for the resonant sensors co
with nanotubes under different experimental conditions. T
dips in these traces correspond to the sensors’ resonan
quency (v0). In vacuum~solid traces!, v0 are 3.87562 and
3.895625 GHz for SWNT and MWNT sensors, respective
The dotted and dashed traces in Fig. 3 correspond, res
tively, to the responses in the presence of ammonia~834
ppm! and subsequent removal of ammonia from the cha
ber. Clearly,v0 of the SWNT sensor changes by 4.375 MH
upon exposure to ammonia for approximately 10 min. A re
tively smaller downshift of 3.25 MHz is observed for th
MWNT sensor. It has also been ascertained that our circ
disk resonators, without the nanotube coating, do not exh
a change in frequency response when exposed to ammo

The response time of 10 min is comparable to that
ported for other gas sensors.11 However, the time in which
our sensors regain their original resonant frequencies a
the evacuation of ammonia from the chamber is appro
mately 10 min,which is much faster, compared to other NH3
sensors.11 For example, SWNT chemical sensors based
resistancechanges11 exhibit a fast response~a few minutes!
with a slow recovery time~8–12 h! under exposure to 200
ppm of NO2.

FIG. 3. Measured return loss of the SWNT~a! and MWNT ~b! coated
sensors vs frequency under different environmental conditions.v0 repre-
sents the resonant frequency andDv0 represents the shift in frequency o
the sensor circuit.
IP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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The sensors used in this study also provide better se
tivity ~or the frequency shift! as compared to these types
resonant frequency detection sensors and are at least
times more sensitive than the recently reported humidity s
sor based on a frequency shift mechanism.14 Figure 4 dem-
onstrates the sensitivity comparison of the resonators co
with SWNTs and MWNTs. The data in Fig. 4 are obtained
gradually exposing the SWNT- or MWNT-coated sensors
a controlled amount of ammonia. The SWNT sensor is m
sensitive than the MWNT sensor~Fig. 4! and this observa-
tion is consistent with the fact that SWNTs exhibit mo
capacity for hydrogen storage than MWNTs.15

We now explain the observed downshift inv0 upon ex-
posure of our sensors to ammonia. It has been demonst
that the electrical conductance of the SWNTs decreases d
tically when exposed to NH3.11 However, electromagnetic
simulations show that changes in conductivity of the reso
tor disk do not result in a resonant frequency shift of
electromagnetic resonator. The resonant frequency shift
be attributed to the changes in the effective dielectric c
stant of the heterogeneous materials. In this circular d
resonator, the dielectric materials that influence the elec
magnetic fields are the Duroid board and the NH3-nanotube
system. The effective dielectric constant is a value that r
resents the combined dielectric constants of the three m
rials in the planar circular disk resonator. Hence, change
the dielectric constant of the carbon nanotubes will resul
the changes in the effective dielectric constant that will ca
a shift in the resonant frequency of the resonator. This
quency shift is independent of the Duroid dielectric su

FIG. 4. Comparison between the sensitivities of SWNT and MWNT coa
sensors.
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strate. A circular disk simulation model has been construc
to include a thin layer of dielectric material on top of th
conducting disk@Fig. 1~b!#. The dielectric constant of this
dielectric layer is varied while monitoring the changes
resonant frequency. The electromagnetic simulation of
structure confirms that the resonant frequency is shif
downward or upward with respect to the increase or decre
of the dielectric constant of the thin dielectric layer on top
the circular disk. In the resonators coated with carbon na
tubes, the dielectric constant of the carbon nanotubes is
lieved to have changed upon exposure to NH3. A possible
explanation is that the NH3 molecules have interacted wit
carbon molecules on the walls and ends of the carbon na
tubes. This interaction may have created bound charge
the surface of the carbon nanotubes resulting in change
the dielectric constant of the carbon nanotubes. The abs
tion of gas molecules onto carbon nanotubes is the fun
mental mechanism that enables changes in the dielectric
stant. This property of carbon nanotubes is attractive for
design of sensors based on changes of the dielectric
stants or frequency shifts.

In summary, we report the development of microwa
resonant sensors coated with carbon nanotubes for dete
of NH3. To date, this type of resonant sensors provides
best frequency shift or sensitivity on exposure to ammon
This type of electromagnetic resonator sensors can be us
microwave remote sensing systems that monitor the chan
in frequency shifts to detect gases. The sensor systems
important in applications that prohibit the use of physic
connections or require nondestructive testing.
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