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arbon nanotubes (CNTs) have been
extensively studied due to their re-
markable electrical and mechanical
properties.’ Especially, sensors with field-
effect transistor (FET) structures using CNTs
and CNT networks as a channel have been
widely utilized for various sensing applica-
tions.” However, sensors with CNT channels
suffer from irregularity in their individual
electrical and mechanical properties. This
irregularity originates from diverse sources,
for example, from the different synthesis
process of CNTs>* chirality distribution,’
and variation of device contact resistance.®
This inherent irregularity of the individual
CNT devices results in unpredictable and
highly irregular behavior of CNT-based sen-
sors, impeding their practical applications
and commercialization.”® In many cases,
one cannot even reproduce the sensing
results reported in the literature quantitatively.
Herein, we report the study of the uni-
versal parameters which enable us to quan-
tify and even predict the sensing behaviors
of diverse CNT network-based sensors. To
explain these parameters, we propose a
theoretical model where the target mol-
ecules are adsorbed onto the CNT surfaces
via the Langmuir isotherm process and
the conductance of the sensor transducer
changes via capacitive coupling or charge
transfer. The validity of the model has been
confirmed by sensing experiments on
mercury (Hg®") and ammonium (NH,")
ions using a number of CNT network-
based sensors. Considering that the un-
predictable characteristics of CNT net-
work-based sensors have been holding
back their practical applications, this
work should be a major breakthrough in
CNT network-based sensor research and
open various practical applications such
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ABSTRACT (arbon nanotube (CNT) network-based sensors have been often considered

unsuitable for practical applications due to their unpredictable characteristics. Herein, we report

the study of universal parameters which can be used to characterize (NT network-based sensors and

make their response predictable. A theoretical model is proposed to explain these parameters, and

sensing experiments for mercury (Hg>") and ammonium (NH,") ions using CNT network-based

sensors were performed to confirm the validity of our model.
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as environmental safety and medical
diagnostics.

RESULTS AND DISCUSSION

The studies reported herein are moti-
vated by the need to overcome the irregular
electrical properties of CNT network-based
sensors. We utilized multichannel CNT net-
work-based sensors to figure out the sensor
responses in a controlled manner. Figure 1
shows a schematic diagram depicting the
experimental setup and theoretical model
for the CNT network-based sensors. The
sensor responses of 16 CNT sensors were
measured simultaneously using a multi-
channel measurement system, and a liquid
gate profile was measured using a Ag/AgCl
reference electrode.

For the theoretical model, we assume
that analyte A in bulk solution was adsorbed
onto a finite number of binding sites B on
the CNT surfaces following a Langmuir iso-
therm model (Figure 1). In the Langmuir
isotherm model, it is assumed that analyte
molecules in solution bind to a finite num-
ber of binding sites on solid substrates, and
the analyte molecules in solution and those
bound to the binding sites form an equilib-
rium. The binding sites can be different
adsorption sites on the CNT sensor surface
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Figure 1. Schematic diagram depicting the measurement setup and our theoretical model. (a) CNT network channel is
connected by source and drain electrodes. The electrodes were covered with photoresist (PR) to minimize the leakage
currents through the solution. A liquid cell was formed to confine the solution. (b) For theoretical modeling, we assume that
analytes A get adsorbed to the binding sites B on the CNT surface via the Langmuir isotherm process with equilibrium
constant K (=k,/k_4), and only those adsorbed molecules AB generate the sensor response, AG/Gy. AG/Gg vs log[A] is plotted
according to the Langmuir isotherm (inset: AG/Gy vs [Al). The sensor response has a linear response region whose center value

is at [A]l = 1/K.

depending on the type of the CNT sensor. For example,
the binding sites on common CNT-based gas sensors are
gas adsorption sites on bare CNT surfaces.” "' In the case
of specific biosensors based on CNT FETs, specific recep-
tor molecules fixed on CNT surfaces work as binding
sites.'? Let [Al, [B], [AB], and [Blmax represent the con-
centration of analytes in bulk solution, the surface density
of binding sites on CNT networks, the surface density of
adsorbed analyte molecules, and the maximum surface
density of binding sites on CNT networks, respectively.
Then, the surface density of adsorbed analytes can be
expressed following a Langmuir isotherm (Figure 1b) like

[A]

[AB] = [Blmax X m

(1)
with equilibrium constant K = kq/k_;, where k; and k_,
are the association and dissociation constants, respec-
tively.'® Since CNTs respond to analytes only within the
distance of Debye length in ionic solutions due to the
screening effect,'® we can assume that the sensor re-
sponse of our sensors is mostly due to the analytes
adsorbed onto the CNT channels.

Although a previous report showed that charge
carriers can transport ballistically in individual CNTs,'?
CNT network-based channels are usually composed of
multiple CNTs overlapping on each other to form
junctions. In this case, we can expect rather diffusive
charge transport due to the short mean free paths.
Thus, we can ignore any coherent gating effect and
assume that the current change Al in the channel is
affected by the adsorbed analyte concentration [AB] on
CNT surfaces via electric coupling like

A
G X AVp = g Vys ¥ 29a

Al = G
— gV, x QA([:/:B]
= giVys x Z—z[B]max X ﬁ (2)
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where G| represents the liquid gate transconductance;
AV, the liquid potential change around the CNTs
caused by the adsorbed analyte molecules; g, the
normalized transconductance defined by g, ~ G./Vys;
Agp the total electric charge contributed by the ad-
sorbed analyte molecules to the CNTs; ga the electric
charge contributed by the unit surface density of the
adsorbed analyte molecules to the CNTs; and Gy is the
coupling constant between the analyte molecules and
CNT surfaces.

Previous reports show the two most common me-
chanisms about how charged analytes near the CNT
surface can affect the conductance of CNT network
channels: electric field gating'® and direct charge
transfer.'” In the case of electric field gating, charged
analytes near CNTs may exert electric fields on the CNT
channels, giving a gating effect just like in field-effect
transistors. In this case, Cy represents the capacitive
coupling between the charged analytes and the CNT
channels. On the other hand, adsorbed analytes may
directly transfer electrical charges onto the CNTs via
direct contact. In this case, Cy is determined by the
electronegativity of the adsorbed analytes with respect
to that of CNTs. In both cases, g, and Cy are determined
by the type of analytes and should not be affected by
the CNT device structures.

From eq 2, the sensor response, defined as the
conductance change (AG = Al/Vy;) with respect to
initial conductance Gy, becomes

AG - gL
Go \Go

[A]

_— 3
mwiik O

) X Z—/(: [Blmax x

It is worth mentioning several important aspects of
this equation. First, g,/Go represents the electrical
characteristics of the CNT device and should be in-
dependent of the analyte species. It can be estimated
by simple electrical measurement on the CNT device
without performing actual sensing experiments. Sec-
ond, (ga/Co)[Blmax and K represent the electric coupling
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Figure 2. Characterization of CNT newtork-based sensors. (a) Optical micrograph of a chip containing 16 CNT network-based
sensors. (b) AFM topography image of a typical CNT device without PR passivation layer on Au electrodes. The surface density
of the adsorbed single-walled CNTs (swCNTs) is ~4 #/um?. The unit #/um? represents the number of CNTs in a unit substrate
area of 1 um."® (c) Distribution of initial conductance G, and liquid gate transconductance G, for 21 CNT network-based
sensors. Gy exhibited a log-normal distribution, while G, exhibited a rather random distribution. (d) Distribution of the
normalized transconductance g, /Gy, a characteristic for each CNT device. It exhibited a log-normal distribution.

and the adsorption properties of the analyte molecules
onto CNT-based sensor surfaces, respectively. Consid-
ering [Blmax as a constant, both can be determined only
by the analyte type and do not depend on the CNT
device structures or nanotube chirality.

In a previous report, we showed that the sensor
response can be expressed in linear form to logarith-
mic concentration in certain range of concentration.'®
In this linear response region, we can write
AG 1 gL
G_o - 4logy, € <G_o

) x ‘Z—‘;[B]max % [logyolA] + 10g;o(€2K)]

(4)

If we set x = log,o[A] and y = AG/G,, the equation
becomes

y~alx —vl] (5)

_ 1 gL\ _da
a<_ 4log, e (Go) x CO[B]maX>

and y(E—Iogw(ezK)) represent the slope and x-inter-
cept of the sensor response graph, respectively, as
indicated in Figure 1b.

These variables were verified with a multichannel
measurement system, which enabled us to apply
identical environmental change to 16 CNT network-
based sensors on a single substrate (Figure 2a). The
atomic force microscopy (AFM) topography image in

where
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Figure 2b shows one of the CNT network channels.
Here, the CNT channel consists of a rather uniform
monolayer of CNTs resulted from the “self-limiting”
mechanism during CNT adsorption, where the already-
adsorbed CNTs impede the adsorption of additional
CNTs. This “self-limiting” mechanism is advantageous
for obtaining rather uniform arrays of CNT channels.'>'®
However, it also should be mentioned that previous
works show that the surface density of adsorbed CNTs
prepared by our process has some distribution around
the monolayer coverage following the log-normal
distribution.2%?" Such a distribution may cause a slight
variation of surface binding site density and channel
conductance of the CNT devices. Furthermore, even for
the devices with uniform CNT density, the conduc-
tance of the devices shows some distribution due to
the variation of the network connectivity.

Since we utilized single-walled CNT (swCNT) solution
containing both semiconducting and metallic CNTs,
the assembled CNT network channels consisted of
both semiconducting and metallic current paths.'”
Our multichannel CNT junctions exhibited a log-nor-
mal distribution in Go, which is typical for percolating
conductive networks (Figure 2c).2%%2 In the case of the
liquid gate transconductance G, they exhibited about
one order wider distribution. The junction exhibited a
negative liquid gate transconductance at a small gate
bias, which is a typical p-type semiconducting behavior
of CNT channels under ambient conditions. The gating
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Figure 3. Sensor response of CNT network-based sensors.
(a) Typical real-time detection signal of CNT-based sensor to
Hg?" and NH, " ions. (b) Sensor response AG/G, with
respect to logarithmic concentration of Hg?" ions for
different channel width. The channel width varied from 3
um to 100 nm with 1/10 reduction of the data values for
100 nm to fit in the graph. (c) Sensor response AG/G, with
respect to logarithmic concentration of NH, " ions for
different salt concentration. The sensor response was
measured with or without 10~* M of NaCl in the solution.
The sensor response curves in (b) and (c) are fitted well to a
Langmuir adsorption model (solid line), and the linear
response regions are fitted well in almost the same range
for each species (green dotted line).

effect data show the on—off current ratio of 1.7 with a
significant off current due to the metallic paths in the
CNT network (Figure S4 in Supporting Information).
Figure 2d shows the normalized transconductance g,/
Gop, Which is a characteristic parameter for each CNT
device, independent of the target molecular species. It
has a log-normal distribution over a rather broad range
due to some variations in CNT network channels, such
as the number of semiconducting paths and CNT
network connectivity.

For actual sensing experiments, multiple sensors
were exposed to the analyte with the concentrations
of 35.3 pM to 5.23 mM in the case of mercury ions
(Hg*", HgCl, in DI water) and 1 #M to 100 mM in the
case of ammonium ions (NH,", NH,OH in DI water).
The sensor response of each sensor, defined as the
conductance change AG with respect to the initial
conductance Gg, was monitored and recorded simul-
taneously from multiple sensors using the multichan-
nel measurement system. Figure 3a shows a typical
real-time detection signal of Hg>" and NH," ions. In
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the case of Hg? " detection, exposure to Hg? " increases
the conductance due to the strong redox reaction
between Hg®" ions and CNTs."® This redox reaction
takes electrons away from CNTs, which increases the
number of hole carriers in CNTs and thus raises the
conductance of CNTs. On the other hand, NH, " is well-
known to decrease the conductance of CNTs.>*3

Figure 3b,c shows the sensor response AG/G, of
typical sensors with respect to logarithmic concentra-
tions of Hg*" and NH, ", respectively. Here, the sensor
response shows large dependence on experimental
conditions even for a given analyte species. For exam-
ple, our sensors with a narrower CNT network channel
exhibited a larger sensor response to Hg* " as reported
previously (Figure 3b).'® This can be explained by the
dominating semiconducting current paths in narrower
CNT network channels.?*?°> On the other hand, NH, " in
the 0.1 mM NaCl solution generates much smaller
sensor response compared with that in deionized
water (Figure 3c). Presumably, the salt ions may screen
out the electric field from the ammonium and reduce
the gating effect on the CNTs. Furthermore, we found
that each of our sensors exhibits quite a different
sensor response in the same experimental condition
as reported previously by many other researchers.

However, we could also figure out somewhat coher-
ent behaviors in our sensing measurements. First of all,
sensor response data in Figure 3b,c are in a similar form
and are fitted very well by a Langmuir isotherm-like
equation such that AG/G is proportional to [Al/([A] +
1/K) as proposed in our theoretical model (eq 3). Here, K
is the equilibrium constant (Figure 1b).'® Second and
most interestingly, for the analyte, CNT network-based
sensors appear to respond within the similar concen-
tration. Specifically, our sensors exhibit large sensor
responses in the range of 0.22—16 uM for Hg>™ and
107°—10"> M for NH, . Note, this range depends only
on the analyte species and not on any other conditions
such as CNT network channel width (Figure 3b) or salt
concentration (Figure 3c). These two consistent char-
acteristics support our theoretical hypothesis that
analytes adsorbed on the CNT surface form a Langmuir
isotherm and semiconducting CNTs in our sensor
channels can respond only to nearby charges and
change their conductance.

These characteristics can be validated by comparing
the experimental results with the prediction of the
model. The measured sensor responses from various
CNT sensors were plotted to the logarithmic concen-
tration of analytes, and the linear regions were fitted
using eq 5 (Figure S5 in Supporting Information). The
equilibrium constant K is estimated from the x-inter-
cept y = —log,o(e?K) of the fitting curve. Figure 4a
displays the distribution of the x-intercept y values
obtained from various devices. These fitted y values fall
into a narrow range around a certain values for a given
analyte species. From each value of the x-intercept y,
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Figure 4. Estimation of the equilibrium constant K and
the coupling parameter ga[Blmax/Co. (a) Graph showing
the x-intercept values obtained from the fitted line in the
linear response regions of the sensor response curves. (b)
Distribution of the equilibrium constant K estimated from
sensor response curves of different CNT-based sensors,
which are sharply peaked at 4.8 x 10°and 5.2 x 10* M for
Hg?" and NH, ", respectively. (c) Graph showing the
coupling parameter galBlmax/Co With respect to the device
parameter g, /G,. (d) Distribution of the coupling parameter
galBlmax/Co estimated from the sensor response of different
CNT-based sensors, which are sharply peaked at —1.9 and
1.8 V for Hg>" and NH, " ions, respectively.

the corresponding equilibrium constant K can be
obtained, and the distributions of K values for two
different analytes are depicted in Figure 4b. It shows
that they are narrowly distributed around a peak value
for each target analyte. The evaluated values are K =
48x10°M " forHg?"and K=5.2 x 10*M ™" for NH, .
These are similar with those of previous works'*'®
which are in the range of measured distribution in
Figure 4b. It also should be noted that K value itself may
vary under different experimental conditions, such as
temperature, which might have, in part, caused some
distributions of measured K values (Figure 4b).%

This result is consistent with our model because, for
the same analyte, the devices should have a similar
adsorption behavior in regards to the target molecules
regardless of the device structures. Even though there
was an earlier study showing a small variation of K
values based on the observation using only a few CNT
FETs,” here we show for the first time that K is a constant
value evaluated statistically by measurements using a
large number of network-based CNT sensors and even
under various conditions. Until now, CNT network-
based sensors have exhibited a large variation in their
responses, which makes them extremely difficult, if not
impossible, to use for industrial applications. Our result
shows that different CNT sensors can have a universal
parameter such as K independent of the variations
of its device characteristics such as conductance or
transconductance.

This result also provides us an important insight
about the sensitivity or detection limit of CNT net-
work-based sensors. Assume that, due to the electrical

noise, the device conductance G of our CNT-based
sensor is limited by a noise fluctuation of Ng. Then,
from eq 5, the minimum meaningful sensor response
AGmin/Gg of this sensor is

NG . AGmin _ (&

Gy Go Go

9ga [Amin]
> X a[B]max X Pl + 1/K (6)

where [Anin] represents the detection limit, the mini-
mum concentration of the target analyte which can be
detected by the sensor. If we solve it for [Anin], One can
obtain

1 1
[Amin]l = — x

— (7)
K O Bl /N — 1

As expected, one can reduce the detection limit of
the CNT sensors by increasing the transconductance g,
as well as reducing the noise level. It also clearly shows
that the detection limit is linearly proportional to the
1/K. This is because CNT sensors respond only to the
analyte molecules near the CNT surface. Thus, one
should consider the adsorption behavior of the analyte
molecules onto the CNT surface when designing sen-
sitive sensors. For example, in many cases, the CNT
surfaces are functionalized with receptor molecules
which can bind specifically to a target molecular species.
One can further improve the sensitivity of CNT sensors by
coating with receptor molecules with large K values.

It is worth discussing our model at a very low
concentration limit like [A] << 1/K. One of the major
advantages of CNT sensors is its high sensitivity, and it
is very important to model the sensor responses at a
very low concentration. However, in a practical FET-
based sensor device, its detection limit is usually
determined by its noise level Ng. At the low concentra-
tion limit of [A] < 1/K, the size of sensor response AG
usually becomes comparable to that of device noise
Ng. Thus, the measurement results of sensor responses
in this range often become unreliable, and it is not
appropriate to describe the data using our model. On
the other hand, our work shows that a more practical
solution in achieving a reliable sensor response at a low
concentration is the functionalization of CNT surfaces
with receptor molecules with a low 1/K value so that
the linear sensor response region is shifted toward the
lower concentration. In fact, we could achieve a fem-
tomolar level sensitivity by functionalizing the CNT
surfaces with receptor molecules which had a low
1/K value.?”*® We also would like to mention a practical
issue in achieving a low detection limit.??> Our model
assumed an equilibrium state of the sensor systems.
However, at an extremely low concentration limit, one
should consider the long sensor response time to reach
such an equilibrium state when estimating its detec-
tion limit of the sensors as reported previously.?®

We can also estimate the coupling parameter
(ga/Co)[Blmax from the slope a of the fitting curve and
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the measured device parameter g,/G, through
(ga/Co)[Blmax = 0/[(1/4l0g40€)(g./Go)]. Figure 4c shows
the estimated coupling parameter (ga/Co)[Blmax for
the devices with different values of device parameter
gi/Go. Significantly, it turns out that for the same
analyte, the estimated (ga/Co)[Blmax Values are almost
identical from CNT devices with different g,/Go. It
verifies the validity of our theoretical model.

Figure 4d shows the distributions of the coupling
parameter (ga/Co)[Blnax for two different analytes mea-
sured by various CNT devices. They are sharply peaked
around —1.9V for Hg>" and 1.8 V for NH, ™. It indicates
that the coupling parameter (ga/Co)[Blmax iS mainly
determined by analyte species even for CNT network-
based sensors with different initial conductance and
transconductance values as predicted in our theoreti-
cal model.

In our model (eq 3), the sensor response AG/G, at
the analyte concentration [A] is determined by three
major parameters: device parameter g, /Gy, coupling
parameter (ga/Co)[Blmax, and equilibrium constant K.
We demonstrated that CNT sensors exhibited almost
identical values of (ga/Co)[Blmax and K for the analyte.
The normalization method for nanowire-based sensors

METHODS

We have utilized a previously reported directed assembly
method to fabricate our swCNT network-based devices (Figure
S1in Supporting Information).??2 Two different shapes of CNT
network patterns were fabricated. One has the width of 3 um
and the length of 2 um, and the other has the width of 100 nm
and the length of 2 um. First, 3 um wide line patterns of
photoresist (AZ5214) and 100 nm wide line patterns of e-beam
resist (PMMA) were created on SiO, substrate via photolitho-
graphy and e-beam lithography, respectively.'®** When the
patterned substrate was placed in the hydrophobic octadecyl-
trichlorosilane (OTS) solution (1:500 v/v in hexane), OTS mol-
ecules were patterned on SiO, substrate. After removing the
resist, the patterned substrate was dipped into CNT solution
(0.05 mg mL~") in dichlorobenzene. In this case, the OTS
molecular layer blocked the CNT adsorption, and the CNTs were
assembled only onto the bare SiO, region. Metal electrodes
were formed by photolithography, successive thermal evapora-
tion of 10 nm Pd and 20 nm Au, and lift-off process. Afterward,
the electrodes were passivated with photoresist (AZ5214) to
impede any electrochemical reaction with the bulk solution at
the surface of the electrodes. Then, a polypropylene liquid cell
was attached around the CNT array region to keep the liquid
environment containing electrolytes. The final sensor chip had
an array of 16 CNT network-based sensors. The sensor re-
sponses of multiple CNT sensors were measured simultaneously
using a multichannel measurement system (Figures S2 and S3in
Supporting Information). The measurement system consists
mainly of a sample holding jig, power supply, switch array,
multiplexer, and a digital multimeter (DMM). A liquid gate
profile of our CNT devices was measured using a Ag/AgCl
reference electrode (Figure S4 in Supporting Information).'®?'
A bias voltage (Vys) of 0.1 V was applied between the source and
drain electrodes for sensor response and liquid gate measure-
ments. To get liquid gate transconductance, the liquid-gated
voltage Viq was swept cyclically between —0.3 and 0.3V with the
source—drain voltage of Vg4, = 0.1 V. The gate voltage sweep was

LEE ET AL.

using liquid gate transconductance introduced by
Ishikawa et al. is also consistent with the linear relation-
ship between sensor response and one of our para-
meters, g,/Go.>° With these three parameters, one can
now quantitatively predict the sensor response of
versatile CNT-based sensors before performing actual
sensing experiments.

In summary, the CNT network-based sensors with
different device characteristics (e.g., conductance,
transconductance, etc.) exhibited almost identical va-
lues of the equilibrium constant K and the coupling
parameter (ga/Co)[Blmax for the analyte. These two
parameters can be universal parameters which can
be used to quantify the sensing behaviors of versatile
CNT network-based sensors independent of different
device structures or nanotube chiralities. Furthermore,
we can quantitatively predict the sensor response
using our model and the measured device parameter
g1./Gop, which should enable reliable sensor signal pro-
cessing. Our work should provide an important theo-
retical framework in understanding the mechanism of
CNT network-based sensors and, eventually, allow us
to produce reliable and predictable sensor devices for
practical applications.

restricted to a rather low bias voltage to minimize possible
electrochemical reaction and leakage currents between the
reference electrode and the solution.>'3?
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