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Abstract

We explore capacitance- and conductance-based detection of trace chemical vapors using single-walled carbon nanotubes (SWNTs). We find
that conductance detection is susceptible to such problems as large 1/f noise and incomplete sensor recovery, which are primarily artifacts of a
charge-based transduction mechanism. Capacitance detection, dominated by dielectric effects, is less sensitive to charge effects and, thus, offers
increased signal-to-noise ratio, improved sensor recovery, and larger dynamic range. Our data indicate capacitance-based sensing with SWNTs is
well suited for trace-level detection of such low-vapor-pressure materials as certain chemical warfare agents and explosives.

Crown Copyright © 2006 Published by Elsevier B.V. All rights reserved.
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1. Introduction

Single wall carbon nanotubes (SWNT) are a unique nano-
material consisting entirely of surface atoms [1]. Combining the
high surface area of SWNTSs with the electronic properties, ther-
mal stability, and chemical inertness of SWNTs means carbon
nanotubes are well suited for the chemical detection of trace
amounts of chemical vapors. Initial work toward the detection
of a vapor phase chemical analyte with a carbon nanotube was
based on the measurement of resistance (conductance) varia-
tions along a nanotube resulting from tube—analyte interactions
[2-7]. Conductance variations are the result of charge trans-
fer between the nanotube and analyte, which alters the number
of carriers along the SWNT sidewall [2,3,8]. Proper design of
SWNT chemical sensors led to the ability to measure charge
transfer as low as 0.1 electrons/SWNT [9].

The high surface-charge sensitivity of the SWNT networks
utilized for detection may adversely affect the sensor perfor-
mance. Charge fluctuations intrinsic to the nanotubes results in
increased 1/f noise in conductance measurements [10], and the
presence of water induces hysteresis in the drain current ver-
sus gate voltage in SWNT-channel field effect transistors [11].
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Charge transfer from adsorbed molecules bound to metastable
sites along the SWNT may also lead to incomplete sensor recov-
ery of measured conductance to pre-exposure levels [3,6].

Capacitance-based detection provides superior sensitivity
and recovery compared to conductance-based detection for most
chemical vapors. We recently reported the use of a capacitance-
response device (chemicapacitor) that combines stability, high
sensitivity and fast response time to a large variety of analytes
[12]. In this sensor, a SWNT network, SiO; insulating layer,
and Si substrate form a parallel plate capacitor. When a volt-
age is applied between the network and the degenerately doped
substrate a large electric field gradient is formed around the
SWNTs. The electric field radiating from the SWNT creates
a new polarization of the absorbates (relative to the unbiased
state), which is measured as a change in the capacitance of
the system. For most chemical vapors, this method of chemical
detection exhibits fewer charge-dependent artifacts than SWNT
chemiresistor measurements [13].

In the following pages, we report new capacitance and con-
ductance data from SWNT networks in the presence of chemical
vapors. Charge dependence, device recovery, and chemical sen-
sitivity of chemicapacitor measurements will be addressed for a
variety of analytes. The capacitance response produces a higher
signal-to-noise ratio, exhibits improved sensor recovery, and has
alarger dynamic range than SWNT conductance measurements.
The response to analyte concentration is sub-linear for most
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analytes and is a function of the partial pressure of the analyte
(P/Py), not the equilibrium vapor pressure (Pg). This is partic-
ularly advantageous for low-vapor-pressure materials, such as
chemical nerve agents and explosives, and suggests minimal
detection levels (MDL) below 1 ppb.

2. Experimental procedure

The SWNT sensors were fabricated on a 1200 A thick Si0,
thermal oxide, which was grown on a degenerately doped n-
type Si substrate. Chemical vapor deposition of the SWNTSs was
accomplished at 800 °C using an iron nitrate catalyst under flow-
ing argon, hydrogen, and ethylene. Each sensor consists of a
2mm x 2 mm interdigitated array of two Ti/Au (100/1000 A)
contacts evaporated onto the SWNT network, with associated
pads for probing. The interdigitation gives a channel length and
width of 0.34 and 10 mm, respectively [13]. Contacts were fabri-
cated using standard ultraviolet lithography techniques. Follow-
ing metal deposition, excess metal was lifted off, and the device
channel array was coated with photoresist prior to a two minute
oxygen plasma etch. The purpose of the oxygen plasma etch is
to isolate adjacent devices from one another. Following the etch,
the resist was stripped using acetone and the device chips were
soaked in Baker PRS1000 (Mallinkrodt Baker Inc., Phillipsburg,
NJ; http://www.jtbaker.com) held at a temperature of 80 °C to
ensure the devices were clear of any organic contaminants prior
to use in the laboratory.

The conductance through the network is measured using a
Stanford Research Systems model SR830 DSP lock-in ampli-
fier, observing a voltage Vi generated by an applied ac bias
voltage (V,) of 100 mV ;s at a frequency of 150 Hz. A lock-in
amplifier is also used to measure the capacitance of the sen-
sor, by observing a signal V¢ generated by an ac voltage (Vc,)
at f=5kHz and amplitude 200 mV peak-to-peak from an Agi-
lent 33250A Signal Generator connected to the substrate. For
simultaneous measurements of conductance and capacitance,
a polypropylene capacitor is connected between the two elec-
trodes and a metal film resistor between one electrode and
voltage source for conductance measurements [13]. The capac-
itor value, typically 10 wF, is chosen so as to appear as an open
circuit element at the frequency of the conductance signal and
a short circuit at the capacitance frequency. The resistor value
(Rp) is set to exceed the SWNT network impedance and thus
minimize capacitance signal losses through the low impedance
of the conductance signal source. The other electrode is con-
nected to both lock-in amplifier inputs with a 1kS2 resistor
(Rp) from that point to ground as a simple current-voltage
converter. In these voltage divider circuits, the capacitance C
is then found from C = [27fRp(Vc,/ Ve — 1)]! and the con-
ductance G from G = [Rp(Vg,/ Vs — 1) — Ri]~!. Using this
device setup we are capable of measuring normalized conduc-
tance response (AG/G) and capacitance response (AC/C) values
as small as 0.0001 [13].

In order to establish the MDL of the various analytes, the
noise level for capacitance and conductance measurements must
be known. For capacitance noise, the two electrodes are con-
nected directly to the voltage input of the lock-in amplifier with

aparallel 1 k2 wire-wound resistor to ground. The sensor gate is
connected to the internal ac source on the lock-in amplifier. For
conductance noise, the lock-in amplifier internal source is con-
nected to one electrode, the other electrode is connected to one
of the voltage inputs to the lock-in amplifier along with a 1 k2
wire-wound resistor to circuit common. The source amplitude
for both measurements, Vi, and V¢, is adjusted so as to gener-
ate a 10 mV s signal at the lock-in input. The amplified, filtered
output from the lock-in amplifier is fed into a Hewlett Packard
3582A Spectrum Analyzer. A Hanning window is applied to
the sampled data, which is subsequently transformed into fre-
quency space and averaged for a sufficient period to generate a
relatively smooth power spectrum. A detailed description of the
experimental procedure for 1/fnoise measurements is explained
in a subsequent publication [14].

For all response characterization, a flow across the device
under test of 51pm of dry air is maintained. Chemical vapors
were delivered to the devices via a bubbler system capable of
analyte concentrations ranging from 0.0002 to 0.5 of the equilib-
rium pressure (Pg). Delivery of the chemicals was accomplished
by mixing saturated vapors of the chemical analyte with dry air at
varying ratios to achieve the desired dilution (P/Py). Low-vapor-
pressure analytes, such as 2,4-dinitrotoluene (DNT), required
longer mixing times to reach equilibrium; however, the majority
of analytes tested reached equilibrium (peak AG/G and AC/C
response of our sensors) within a few seconds. The measured
response time is a characteristic of the vapor delivery system,
not of the sensors themselves.

3. Results and discussion

Basic knowledge of the chemiresistor and chemicapacitor
responses to various analytes is an important step in understand-
ing how these devices will perform. The conductance (G) of
SWNTs is proportional to the number (n,) and mobility (up) of
charge carriers at the surface of the nanotube (G =gnpun). As
a result, the conductance will be heavily influenced by charge
transfer from an adsorbate and variations in carrier mobility in
the nanotube.

The total SWNT network capacitance may be modeled as two
capacitors in series, C=(1/C¢ + 1/CQ)_l where C; is the gate
capacitance, which includes the oxide dielectric and dielectric
effects of the adsorbates, and Cq is the quantum (charge-based)
capacitance, which is a function of the Fermi energy in the
SWNTs [15]. Adsorbate charge transfer can shift the Fermi
level into a region with a different density of states, resulting
in a change in Cq. In the case where the energy of the carrier
is much greater than E¢/2, where Eg is the SWNT band gap,
the quantum capacitance is approximately one order of mag-
nitude greater than the gate capacitance [15]. As a result, the
total capacitance is dominated by the gate capacitance with a
small contribution from quantum capacitance, leading to a weak
charge dependence.

The capacitance response (AC) to an analyte is caused
by field-induced polarization of surface dipoles, and contains
contributions from both the dielectric (¢) and the charge (Q)
effects of the analyte [13]. This response can be modeled as
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Fig. 1. Normalized current—voltage and capacitance—voltage measurements of
a typical SWNT chemical sensor.

AC=6C/deAe +5CI5QAQ, where the dielectric effect from the
adsorbed analyte is described as §C/§e A, and the charge depen-
dence as a result of the quantum capacitance is SC/§QAQ. Mea-
surements to quantitatively determine the relative contributions
of the charge and dielectric response indicate the charge-based
response is less than 10% of the total AC [13].

To illustrate the dependence of conductance and capaci-
tance on charge, it is instructive to discuss current—voltage and
capacitance—voltage characteristics of the SWNT sensors. To do
this, conductance (G) and capacitance (C) were monitored as a
function of substrate bias (V). Fig. 1 is a plot of the normalized
differential capacitance (C(V;)/Cp) and conductance (G(Vs)/Go)
response, where Cyp and Gy are the zero bias capacitance and con-
ductance, respectively. Using Q = CVj, the slope of each curve
at V=0 is an indication of the capacitance and conductance
charge sensitivity of our sensors. As is evident from Fig. 1,
the slope of 1/Go(G(Vy)/dVy) is greater than 1/Co(C(Vy)/dVy).
The calculated slope of the normalized conductance and capac-
itance is —0.54 and —0.01 V™!, respectively. Accordingly, it is
expected that a fixed amount of charge transfer will yield a con-
ductance response over an order of magnitude greater than the
capacitance response. It should be noted that 1/Go(G(V)/dVy)
is typically 10-60 times 1/Co(C(V;)/dV5).

Charge sensitivity accounts for the relative conductance and
capacitance sensitivity to the random charge fluctuations in
SWNTs that give rise to 1/fnoise. It has been shown that conduc-
tance is much more dependent on charge fluctuations; as a result,
the charge dependence could result in larger 1/f noise character-
istics compared to 1/fnoise found in capacitance measurements.
Fig. 2 is a typical 1/f noise spectrum for a SWNT network
device. Clearly, the capacitance noise spectral density (V2/Hz)
is substantially quieter, by a factor of 2000, than conductance
noise. Indeed, the observed capacitance spectral noise density
above 10 Hz appears to be limited by the lock-in preamplifier
input Johnson noise density of 2.5 x 1076 V2/Hz. At lower fre-

Frequency (Hz)

Fig. 2. Comparison of low-frequency noise of conductance and capacitance of
a SWNT network sensor.

quencies, both capacitance and conductance measurements are
dominated by 1/fnoise. Carbon nanotube devices are well known
to generate significant 1/fnoise [10]. This is clearly a significant
fraction of the conductance signal measurements. However, by
integrating the data in Fig. 2 over an assumed a measurement
bandwidth from 0.1 to 10 Hz, we find the mean square ampli-
tude for capacitance noise (V2) to be 2.6 x 10~!% V2, Defining
a minimum detectable signal as three times the rms noise ampli-
tude gives Vemin=1 X 10~7. Given that the input to the lock-in
amplifier V¢ is set to be 10 mV, this suggests a measurable AC/C
as low as 107>, However, it should be noted that this configura-
tion is optimized to measure the SWNT network limiting noise
level. The noise of a more practical system limits the minimum
ACIC to a somewhat higher level of 1074,

The charge sensitivity of SWNTs allow one to observe very
dilute amounts of certain adsorbates in the ambient environment;
however, it also leads to irregular response behavior and sensor
non-recoverability. The conductance response of a SWNT net-
work sensor to doses of toluene illustrates some of the irregular
behavior and non-recoverability associated with charge depen-
dence. Fig. 3 illustrates the normalized capacitance and conduc-
tance responses to five-second doses of toluene ranging from 0.1
to 8% P/Py (40-3000 ppm). At low concentrations (<1% P/Py),
the conduction of the SWNT network responds to the analyte
slowly, does not recover when the source of analyte is turned off,
and decreases as P/Pg increases. However, as the concentration
of the analyte is increased, the conduction response reverses sign
and begins to increase with dose, and corresponds better with
applied dose. This non-linear behavior indicates there may be
competing mechanisms contributing to the SWNT conduction,
or perhaps different nanotube—analyte interactions based on the
individual nanotube properties. One possible mechanism for the
conductance response includes different types of binding sites
on the nanotubes resulting in varying responses. When the lower
energy sites are saturated, the next level of sites dominates the
response, which would account for the change in nature of the
conductance response to toluene partial pressure.

While chemiresistors generally yield predictable conduc-
tance responses when initially exposed to the majority of ana-
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Fig. 3. Normalized capacitance and conductance response as a function of
toluene concentration. The capacitance recovers to within 10% AC/C of the
baseline while conductance is unpredictable.

lytes, we frequently observe a failure of the sensor to fully
recover following exposure to certain analytes. SWNT defects
result in low energy binding sites along the nanotube; [16] as a
result, a small portion of the molecules that adsorb to the nan-
otubes will remain on the nanotube surface in a metastable state.
The conduction properties of the SWNT will thus be altered on
a more permanent basis, leading to a “new” baseline conduc-
tance. Researchers found that either heating the device, by using
a voltage spike, or dosing the device with ultraviolet light after
exposure is required to bring the conduction signal back to its
original baseline [3,7,17]. Device capacitance is less sensitive
to charge, and as a result the measured capacitance will be less
subject to irregular behavior.

The capacitance response of a SWNT network sensor is domi-
nated by the dielectric effect of an adsorbate and is not affected as
severely by metastable binding sites. The capacitance response
to toluene in Fig. 3 exhibits predictable and reproducible values
that monotonically increase with toluene concentration. There is
a non-recoverable portion of the capacitance response (a slight
drift from the original baseline). We attribute this to the effect of a
net charge transfer on the quantum capacitance [13]. In contrast,
the conductance response is difficult to predict as a function of
toluene P/Py. Evident from Fig. 3, various molecule/nanotube
interactions contribute competing charge polarities, yielding
a conductance response that decreases initially but eventually
increases as a function of P/Py. The conductance response also
varies between devices, indicating that for toluene, the conduc-
tance along the nanotube network is heavily dependent on the
type of active sites available for charge transfer. The exact origin
of the charge transfer is not fully understood.

A practical sensor must be capable of operation over a
large range of analyte concentrations. However, the conductance
response can saturate even at moderate analyte concentrations.
To illustrate this effect, 5 s doses of acetone ranging from 0.0002
P/Py to 0.5 P/Py were used to allow measurement of capaci-
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Fig. 4. Capacitance and conductance response to sequential doses of acetone
ranging from 0.0001 to 0.5 P/Py. The conductance response saturates at ~0.05
PIPy.

tance and conductance response over three orders of magnitude
of concentration. As illustrated in Fig. 4, the magnitude of the
conductance response (AG/G) saturates at P/Py ~ (.05, indicat-
ing that the sites responsible for the variation in conductance are
fully occupied by the analyte at 0.05 P/Py. It is useful to note,
however, that the conductance response varies proportionally to
the amount of charge transfer from the analyte. Analytes that
bind more tightly with the SWNTSs and exhibit larger charge
transfer are expected to affect the carrier density and mobility
to a greater extent than those that only weakly physisorb [8].

The capacitance response (AC/C) is a measure of the polar-
ization of condensed material (e.g., adsorbates) and is not sub-
ject to response saturation. As analyte collects on the SWNTs,
the electric field intersects an increasing number of analyte
molecules beyond those molecules that bind to the active sites
on the nanotube sidewall, resulting in a capacitance response
that is essentially linear over the full range of analyte concen-
trations. As a result, a capacitive-response device will exhibit
dynamic ranges greater than a measurement that relies strongly
on charge transfer. Also evident from Fig. 4 (and Fig. 3) is the
relative sensitivity of the capacitance and conductance. Over
the non-saturated response, it is clear the capacitance response
is more sensitive to the presence of analyte than its conductance
counterpart.

In general the capacitive response to an analyte is more
sensitive than the conduction response, and it increases mono-
tonically with analyte concentration without saturating. Fig. 5
illustrates the normalized capacitance response (AC/C) as a
function of P/P( for various analytes. As is evident from the
data, all tested analytes follow a simple power law relationship:
AC/C=a(P/Py)", with 0.0l <ax<0.15and 0.4<n< 1. Also evi-
dent is that both high-vapor-pressure analytes, such as ace-
tone, and low-vapor-pressure analytes, such as 2,4-dinitrotluene
(DNT), can produce comparable responses at a fixed value of
P/Py.
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Table 1
Predicted minimal detection limits (MDL) of various analytes

Analyte Power law fit (AC/C = a(P/Py)") Extrapolated detection limits

o n MDL (P/Pgy) Py at 25 °C (mbar) MDL (ppb)
DMMP 0.11 0.38 9.9x107° 1.6 0.016
DNT 0.11 0.57 4.6x107° 0.00028 0.0013
Acetone 0.14 0.53 12x 1070 304 352
Toluene 0.08 0.45 3.5%x 1077 31 11
Methanol 0.15 0.87 22x 1074 168 3.75 x 10*
Water 0.02 0.82 1.5x 1073 32 5.0 x 10*
Hexane 0.02 0.78 1.1x1073 200 224 % 10°
Chlorobenzene 0.07 0.92 8.1 x 10~ 16 1.29 x 104

Also shown in Fig. 5 is our conservative minimal detec-
tion limit (MDL) of AC/C=10"*. Using our current vapor
delivery system, analytes with high-vapor pressures have a min-
imum measurable P/P( of 0.0002. For low-vapor-pressure ana-
lytes (particularly DNT) the minimum P/Py was several orders
of magnitude higher at 0.01. The sensitivity for a particular
molecule is determined by the interaction with the SWNTs, the
intrinsic molecular dipole moment, and preferred orientation of
the dipole on the SWNT surface. Extrapolation of the sub-linear
response observed in our data to the minimum detectable AC/C
implies ultra low detection limits and large dynamic ranges.

The capacitance response to dimethylmethylphosphonate
(DMMP) and DNT is highly sub-linear with exponent values
of ~0.4 and ~0.6, respectively, indicating MDLs below the ppb
range may be obtainable. Table 1 presents a best fit of the data
represented in Fig. 5. To the best of our knowledge, the lowest
reported MDL for DMMP is 20 ppb with a response time of 10 s
[18]. Direct measurement of 800 ppb DMMP (P/Py=0.0005)
with AC/C=0.006 and a recovery time of 2 s was accomplished
in this study. This value is 60 times larger than our estimated
AC/C detection limit, indicating that if DMMP continues to fol-
low the power law relationship in Fig. 5, a MDL for DMMP
of 0.02ppb is expected. Similar results for DNT were also
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Fig. 5. Capacitive response (AC/C) to various analytes as a function of P/Py.

recorded. Using the current vapor delivery system, direct detec-
tion of 5.6 ppb DNT (0.02 P/P() was accomplished witha AC/C
value of 0.007. Extrapolation of the curve presented in Fig. 5
yields aMDL of approximately 0.001 ppb. The current published
MDL for DNT is 0.3 ppb [19]. It should be noted, however, that
verification of the predicted MDLs of all analytes is pending.
It is quite possible that the response of the chemicapacitor may
become linear in the region below the minimum testable P/P
values, resulting in higher MDLs than calculated in Table 1.

4. Conclusions

Chemical detection using single wall carbon nanotubes has
been discussed. We find that conductance detection is suscep-
tible to large 1/f noise, incomplete sensor recovery, and limited
dynamic range, which are primarily artifacts of a charge-based
transduction mechanism. The use of a dielectric effect and polar-
ization transduction mechanism is more sensitive and reliable
for chemical detection. The capacitive response to adsorbates
exhibits a monotonic increase with P/Pg over a large dynamic
range without saturation effects. Finally, the response is a sub-
linear function of the partial pressure of most analytes, indicating
the detection of low-vapor-pressure materials, such as DMMP
and DNT, may be possible well into the parts-per-trillion range.
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