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There is an increasing demand for robust, miniaturized sensors with ppm or parts per 109 sppbd
sensing capability, and high selectivity to different chemical or biological species. Here we show
that trace amounts sppbd of gases or organic solvent vapors can be detected with high selectivity and
sensitivity using single-walled carbon nanotube bundles in a resonator configuration. The enhanced
sensing properties result from a change in the effective dielectric properties of the resonator when
exposed to different gas environments. A theoretical model is described which computes resonant
frequency shifts that are in remarkable agreement with corresponding experimental shifts exhibited
by the resonator when exposed to different gas molecules. This work demonstrates a gas-sensing
platform with superior sensitivity and selectivity for gas detection, and presents advantages in terms
of portability and recovery time. In particular, the sensing platform does not require functionalized

carbon nanotubes to enhance specificity, or wire connection to the nanotubes making it attractive for
remote sensor technology. © 2005 American Institute of Physics. fDOI: 10.1063/1.1906289g

INTRODUCTION

The exceptional physiochemical properties of carbon
nanotubes, especially their high surface area, chemical inert-
ness, and their geometry-dependent electrical properties sme-
tallic or semiconducting characterd,1 make them attractive for
several applications in the field of miniature gas sensors.2–5

Experimental6,7 and theoretical8,9 reports on the adsorption
sites and binding energies of various simple molecules sug-
gest appreciable adsorption energies sfrom 100 to a few hun-
dreds of meVd on single-wall nanotube sSWNTd bundles
when compared to the thermal energy s25 meVd at room
temperature. Sensors based on SWNTs exhibit high sensitiv-
ity, short response, and recovery times compared to tradi-
tional sensors. Detectable changes in the electrical resistance
measured at room temperature have been reported5,10 when
ppm amounts of O2, NO2, or NH3 molecules are adsorbed on
SWNT films. Other electrical properties of nanotubes, such
as thermoelectric power,11 electrical breakdown voltage,12

and dielectric properties,13 have also been suggested as use-
ful indicators for sensing since these properties can change
significantly upon exposure to specific gases. While all of the
above possess respectable sensing capabilities, they have se-
vere limitations for realistic applications. For example, dif-
ferent types of gases present in a mixture of gases cannot be
readily discriminated, and most sensors require wire connec-
tions that preclude their use in remote sensor technology.

In this paper, we describe an innovative sensing platform
in which resonant frequency shifts induced by adsorbed mo-
lecular species on SWNT bundles are highly specific to the
nature of the adsorbed species. We further correlate experi-

mentally observed shifts with computed changes in the linear
electronic susceptibility of the resonator due to molecular
adsorption. This type of sensing has significant advantages
over other sensors discussed in the literature and provides
research directions for chemical or biological sensing
applications.

EXPERIMENTAL DETAILS

A schematic of our circular disk resonator and the gas-
sensing setup is described in Fig. 1. The resonant frequency
f0 of the resonator is related to its dielectric constant «r0 as f0

a1/Î«r0.14 In a perfectly matched resonator, the electromag-
netic field couples to the circular disk solely through the
dielectric sDuroid boardd without leaking into the surround-
ing environment. In our design, this condition is relaxed so
that part of the electromagnetic-field lines couple to the cir-
cular disk by passing through the environment above the
disk. Hence, different gases when introduced into the testing
chamber adsorb on the nanotubes present on the circular disk
and alter the effective dielectric constant «r of the resonator
in proportion to the dielectric properties of the gas species.
The presence of a particular gas is evidenced as a shift Df in
the resonant frequency due to a change in «r. Further, since
our resonator operates in the microwave regime, a small
change in «r triggered by the presence of parts per 109 sppbd
amounts of any gas leads to a discernable shift Df

= f0sÎ«r0 /«r−1d. This uniqueness in its design facilitates se-
lective room-temperature detection of a range of gases or
organic solvent vapors. First, the SWNT bundles are de-
gassed by evacuating the testing chamber to 10−5 torr and
simultaneously heating the chamber to ,130 °C. Next, the
testing chamber is cooled to room temperature while it is
maintained under high vacuum and the frequency is recorded
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by the network analyzer before and after exposing the reso-
nator to a known amount of gas introduced into the chamber.

RESULTS AND DISCUSSION

As seen in Fig. 2, the shift Df is relatively large for
vapors of acetone compared to the corresponding shift for
bromopropane. Another unique advantage of this sensor is its
ability to detect vapors over a wide concentration range
spanning from 100 ppb to 1500 ppm without saturating the
sensor fFig. 2scdg. This observation is attributed to the high
specific surface area of SWNT bundles relative to other types
of carbon nanotubes, such as multiwalled carbon
nanotubes.15 The ability to selectively detect ppb levels of
gases coupled with the broad concentration range of detec-
tion makes the present sensor configuration superior to con-
temporary nanotube-based sensors. Finally, it should be
noted that the sensing mechanism stems from a change in
Df; therefore the purity or the amount of residual catalyst has
a minimal effect on the sensing properties of our sensor.

The shifts Df induced by the presence of ,1500 ppm of
different vapors are summarized in Fig. 3. All measurements
were carried out under similar conditions using the same
resonator for each of the vapors. These shifts scale propor-
tionally as a function of the dielectric constant « of the va-
pors. As a result, organic vapors with higher dielectric con-
stants lead to a greater shift compared to the gases such as
nitrogen or oxygen, implying that our sensor also provides
high selectivity for gas detection. The Df for the resonator
when exposed to a mixture of organic solvent vapors is also
shown in Fig. 3. Again, Df for the mixture can be understood

in terms of « for each component present in the gas mixture.
For mixtures containing more than two components, a de-
tailed modeling for Df in terms of « is needed to compare
with the experimentally observed values of Df .

In addition to Df , another evident feature in Fig. 2scd is
the decrease in the Q factor of the resonator upon exposure
to different concentrations of acetone. Thus, the Q factor can
serve as an independent variable to discriminate the presence
of specific gases. Finally, it should be mentioned that the
resonator can be remotely operated with a conventional
transceiver system making it a remote sensing system.16

As a first step towards a realistic interpretation of the
experimental results described above, we determine the po-

FIG. 1. Schematic of the circular disk resonator stopd and the gas-sensing
setup sbottomd. As-prepared, electric-arc-prepared SWNT bundles are physi-
cally coated on the conducting Cu disk using a conductive epoxy sCircuit
Works CW2400d and the resonator is placed inside the vacuum tight glass
chamber. Electromagnetic energy is coupled into the resonator through a
rectangular microstrip feed line. Varying concentrations of gases when in-
troduced into the chamber lead to shifts in the resonant frequency which is
recorded by the network analyzer.

FIG. 2. sad Response of the resonator sensor to acetone sCH3COCH3d va-
pors. The resonant frequency shifts are measured relative to vacuum strace
defined by black filled circlesd and are shifted by 4.25 sdashed line traced
and 6 MHz ssolid line traced when exposed to 350 and 950 ppb of acetone,
respectively. sbd Response to bromopropane sCH3CH2CH2Brd vapors:
vacuum strace defined by black filled circlesd, 150 sdashed line traced and
875 ppb ssolid line traced. scd Response to acetone vapors ranging from ppb
to ppm levels: vacuum strace defined by black filled circlesd, 800 ppb
sdashed line traced, 15 ppm ssolid traced, and 1300 ppm sdashed dotted
traced.
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larizability variations of a perfect, single s17, 0d SWNT of
length L,30 Å, in the presence of an external electric field
E0 swhich can be identified to the field lines that couple the
nanotube to the resonatord when gas molecules are phys-
isorbed on its outer surface. The choice of the tube radius is
consistent with most of the experimental distribution peak
presenting a maximum around 7 Å. The values of effective
polarizabilities parallel and perpendicular to the graphene
sheet aCi =2.47 Å3 and aC'=0.86 Å3 for carbon atoms17

swhich remarkably fit the measured polarizabilities of graph-
ite and fullerene moleculesd and of the anisotropic molecular
polarizabilities for the admolecules18 are used to evaluate the
dielectric properties of the resonator. The length of the nano-
tube and the molecular coverage u can be varied to estimate
the sensitivity of the system. The field E0 is chosen weak
enough to probe the dielectric response of the system within
the linear-response approach, without influencing the adsorp-
tion geometry of the molecules.

The local electric field E0srid at a position ri sindex i

characterizes a carbon atom or an adsorbed moleculed is
written as

Elsrid = E0 + o
jÞi

Nd FTR
2I sri,rjdmsrjd −

1

3
TR

3I sri,rjdQJsrjdG
+ o

jÞi

N+Nd

TR
2I sri,rjdaJsrjdElsrjd , s1d

where the second term defines the molecular field due to the
permanent dipolar msrjd and quadrupolar Qsrjd moments in

the jth adsorbed molecule swith TR
2I and TR

3I renormalized
propagator tensors related to m and Qd, while the third con-
tribution describes the polarization of the N carbon atoms
and Nd adsorbed molecules by the local electric field, and
ensures the self-consistency of the polarization phenomenon.
This self-consistent electric equivalent of the Lippmann–
Schwinger equation is used twice, first to calculate the inter-
action energy between the adsorbed molecules and the nano-
tube, and second to determine the electronic polarization of

the resonator. The interaction energy experienced by the ith
molecule is written as9

Vi = − msrid · Elsrid +
1

3
QJsrid · ¹ Elsrid + VDR, s2d

where the first two contributions are related to the electro-
static and induction interactions and VDR characterizes the
quantum dispersion–repulsion interaction described by a
Lennard-Jones potential. The minimization of this interaction
leads to the adsorption site energy EA and to the equilibrium
geometry of the ith molecule adsorbed on the tube surface.
The knowledge of EA allows us to calculate the admolecule
coverage u using the well-known Langmuir formula,19 while
information on the site and geometry is required to determine
the electronic polarization P of the nanotube+admolecules.
The polarization defined conventionally as P

=oi=1
N+NdaJsridElsrid /V, where V is the volume of the system

assimilated to an empty rod of thickness d=3.4 Å, radius R,
and length L. P can also be expressed in terms of the linear
electronic susceptibility x and of the macroscopic field, de-
fined as the average over the system of the microscopic field.
However, from Eq. s1d, it can be shown straightforwardly
that, for weak and homogeneous external field E0, the mac-
roscopic field is a linear function of E0 where the slope does
not depend on the permanent moment while the intersect
does. As a result, the polarization is given as P

=«0xEmacros0d+P, where Emacros0d is the macroscopic field
calculated for all the permanent moments set to zero. This
remark is essential since it shows that x can be computed
independently of the presence of the permanent moments.
The change of the linear susceptibility tensor with molecular
adsorption is thus proportional to the molecular polarizability
of the system with a coefficient that depends on the intrinsic
a values and on the number and geometry of the admol-
ecules. Note, in particular, that, the orientational polarization,
which is a characteristic of the permanent dipolessd of the
molecules, does not contribute to this change as long as E0

does not influence their adsorption geometry. By contrast, the

FIG. 3. Summary of experimental ssolidd and theoreti-
cal shatchedd shifts Df when exposed to different gases
and organic solvent vapors sBPR=bromopropane,
MIX=25%bromopropane+75% acetone sv/vd, and
ACE=acetoned. The inset is an enlargement of the data
for the gases, only. The calculated coverages are, re-
spectively, 5310−3 for He, O2, CO, NH3, and BPR,
1.25310−3 for Ar, 2.5310−3 for N2, and 3310−2 for
acetone, as determined by the Langmuir formula.
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coverage is a direct function of EA, hence of these permanent
moments.

The linear dielectric susceptibility of the system formed
by the SWNT plus adsorbed molecules taken in a series of
species ranging from nonpolar sHe, Ar, N2, and O2d, weakly
polar sCOd to strongly polar sNH3, bromopropane, and ac-
etoned is calculated at small coverage u to prevent lateral
interactions between admolecules. The values of the cover-
age will be discussed below. For the non polar or weakly
polar molecules, the adsorption geometry corresponds to a
flat configuration smolecular axis parallel to the tubed, while
the dipole moment of the dipolar adspecies points towards
the radial direction of the tube. The adsorption energies EA at
0 K range between 75 meV for Ar and N2, 97 meV for CO,
and 147 meV for NH3 to nearly 380 meV for acetone and
bromopropane on the external surface of the tube.

Using these adsorption geometries for the admolecules
and the calculated coverage, the ratio of the dielectric con-
stant «r=1+Trfxg /3 sTrfxg means the trace of xd for the
complete system to the same quantity «r0 for the SWNT
alone, and the corresponding frequency shifts are calculated
and compared in Fig. 3 to the measured shifts. The value for
u was chosen to match the calculated frequency shift with
the observed shift for oxygen adsorption with f0

=3.8893 MHz. From this value of u s,10−3 monolayerd and
the value of the adsorption energies, we applied the Lang-
muir formula to determine u for all the other species inves-
tigated in this study, which in turn determine the correspond-
ing frequency shifts of the resonator. Since the experimental
frequency shifts correspond to the same dose of gas trace for
all species, a close comparison with the calculations is re-
quired to determine the theoretical shifts for the same cover-
age. In practice, we change the tube length to account for the
effective size and adsorption energy of a single admolecule
as determined by the Langmuir scheme. For instance, the
tube length is enhanced by a factor of 2.73 and 3.68 for
acetone and bromopropane, respectively, when compared to
oxygen molecule, to refer to the same coverage value calcu-
lated from the Langmuir formula. The good agreement be-
tween the experimental and theoretical shifts depicted in Fig.
3 confirms our choice u for oxygen adsorption and is the
only adjustable parameter in our model calculations. Since
the ratio of dielectric constants remains close to 1.0, the shift
is approximately proportional to the relative change of the
system susceptibility. Hence this shift is a quasilinear func-
tion of the mean electronic polarizability a of the admol-
ecules weighted by the molecular coverage. Such a linear
dependence is used to determine the shift for a gas mixture
formed by 25% bromopropane and 75% acetone compared
to the self-consistent calculations performed with this mix-
ture. The good agreement between experiments and calcula-
tions for the mixture corroborates this linear law.

The fact that calculations of the dielectric response of a
single short tube can interpret the experimental results of a
sensor formed with a random population of SWNT bundles
demonstrates that the measured resonant frequency shifts are
nearly independent of the morphology of the bundles, espe-
cially of the distribution in length sL must be sufficiently
long to eliminate the tube side effectsd, diameter size saround

a given average value of 14 Åd, and orientation of the nano-
tubes. Such a property is valid at sufficiently low coverage,
i.e., for trace amounts of gas sno molecular aggregation on
the tubed. Incidentally, note that the tube side effects have
been studied according to two ways. Cutting the tube sharply
as done in this paper or, on the contrary, considering a peri-
odic tube does not affect significantly the polarizability
swhile the adsorption energy can be seriously modifiedd
when the admolecule is adsorbed at the middle of a suffi-
ciently long tube. For instance, a value of 30 Å for the tube
length is reasonable to prevent side effects for small mol-
ecules sN2, CO, CO2, HF, H2O,. . .d, while the length must be
increased for larger molecules sacetone, bromopropane, …d.
The same feature is found by considering caps at both sides
instead of a sharp cut of the tube. We have checked that such
a change does not influence the results on the permittivity
ratio. It also assumes that no strong chemisorption occurs
due to the presence of defects and the possible high reactiv-
ity of some adsorbed species.20 In addition, our model disre-
gards the possibility for molecular adsorption at sites other
than those on the external surface of the tube. Within our
experimental setup, a SWNT bundle could offer other sites
such as groove, interstitial, and even internal sites, for which
the adsorption energy values are generally much larger.9 Sur-
prisingly, this site distribution factor is not critical for ex-
plaining the experimental dielectric response and this is at-
tributed to the fact that molecular polarizability and the
orientation of the molecule at any site are not strongly influ-
enced by the nature of adsorption sites, as shown in another
paper.21 The fact that the calculated frequency shifts linearly
depend on the polarizability of the admolecule, via the
square root of the permittivity ratio «r /«r0, tends to strongly
reduce the collective effects both on the adsorption energy
and polarizability. This explains probably why, together with
the independence of the polarizability on the adsorption site,
the agreement appears to be excellent for most of the con-
sidered molecular species.

SUMMARY

To conclude, our sensor based on the measurement of
the differential dielectric response of SWNT bundles due to
molecular adsorption displays a high selectivity and sensitiv-
ity in terms of the static electronic polarizability a and cov-
erage u of admolecules via the response to an external field.
A model based on the use of macroscopic electric quantities
defined at the level of a single SWNT is able to interpret
quantitatively the frequency shift measurements of the reso-
nator for adsorbed nonpolar or polar molecules on the basis
of these two quantities, a, and u.
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