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Abstract

Carbon nanotubes (CNTSs) are well-known as materials for nanoelectronics and show great
potential to be used as the sensing element in chemical and biological sensors. Recently, CNTs
have been shown to be effective nanofluidic channels and the transport of substances through
small diameter CNTs is intrinsically fast, selective, and operates at the single molecule level. It
has been shown that the transport characteristics of semiconducting single-walled CNT (SWCNT)
field effect transistor (FET) are sensitive to internal water wetting. We report here that the
characteristics of semiconducting SWCNT FETS are also sensitive to the concentration, pH and
ion type of ionic solution when the electrolytes are inside the CNT. Such sensitivity is not
observed at the outside surface of a semiconducting SWCNT. This opens a new avenue for
building new types of CNT sensor devices in which the SWCNT concurrently functions as a
nanochannel and an electronic detector.
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1. Introduction

CNTs are excellent one-dimensional electronic materials with a large surface-to-volume
ratio. It has been demonstrated that the electronic properties of SWCNTSs and the Schottky
barriers between SWCNTSs and metal contacts are very sensitive to adsorbates [1, 2] and the
environment [3-5], which is the basis of many CNT field effect transistor (FET) chemical
and biological sensors. In recent years, carbon nanotubes (CNT) have also been employed as
nanopores or nanochannels to rapidly transport a variety of ions and molecules, both in gas
and liquid phases [6-10] [11]. It is appealing to integrate the nanoelectronic and nanofluidic
advantages of SWCNT into one device. Such integration will enable electrical probing of
the activities confined in extremely small spaces /n situ and in real time. The high electronic
sensitivity of CNTSs to charged ions and molecules in their proximity can be readily utilized
to study the dynamics of ion and molecule translocation processes in sub 2nm channels, a
regime not previously studied experimentally. In addition, this investigation may lead to a
new type of CNT sensor with enhanced sensitivity.
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We have built a combined CNT-nanopore- FET device. The internal wetting of
semiconducting SWCNTSs by pure water significantly modifies the FET characteristics [7,
12]. In contrast, external wetting has little effect. Theoretical simulations revealed that
internal water forms ordered structure, both generating a large dipole electric field, causing
charge polarization of the tube and contacting metal electrodes, and shifting the valance
band of the SWCNT. External water has little effect because external water molecules are
randomly oriented and the interactions between external water molecules and the outside
surface of the CNT are weaker. Recent experimental work has used such sensitivity to probe
the average speed of water molecules when moving inside a semiconducting SWCNT [11].
In this report, we examined the electrical response of SWCNT when its interior was exposed
to aqueous solution with various ion concentrations, pH and ion species. High sensitivity
was observed for semiconducting SWCNT FET only when the internal surface of SWCNT
was exposed to electrolytes. This is a continuation of previous water wetting work and one
step closer to the goal of a functional nano-electrofluidic device. There is a recent trend to
develop conductive synthetic nanopores, which are capable in controlling the electrostatic
environment of the pore for biomolecule manipulation and enriching electrical sensing
methods [13]. The conductive nanopores have been made by either metallization of
insulating pore [14, 15] or directly using conductive materials, such as graphene [16-18].
The current work on conductive CNT nanopore will contribute significantly to the research
in this area.

2. The experiment

The device structure and experiment setup are illustrated in Figure 1. The device fabrication
has been described in details in previous report [7, 12]. Briefly, long SWCNTs with average
outer diameter of 1.7nm were grown by the chemical vapor deposition method on a highly
doped silicon substrate with a 1pum thick SiO, top layer. Gold source and drain electrodes
were fabricated by electron-beam lithography (EBL) to directly contact one SWCNT under
the PMMA barrier (20-40pm in width). The heavily doped silicon substrate was used as a
back gate. SWCNTSs were characterized as semiconducting or metallic based on
measurements of source-drain current (/z) versus backgate voltage ( V), which were
measured by a Keithley 2636A (Keithley Instruments, Inc., Ohio). A clean PDMS stamp
with imbedded microfluidic channels sealed the surface of the CNT chip to deliver
electrolytes (Figure 1a and c) into CNT. An Axon 200B (Molecular Devices, Inc., CA) in
voltage clamp mode was used to measure the ionic current between two reservoirs (as
bridged by only one SWCNT) using Ag/AgCl electrodes (MF-2078, BAS, 2M KCI). All the
electrical measurements were carried out on a home-built probe station inside a Faraday
cage.

We have fabricated 11 functional devices, of which 8 were semiconducting SWCNTSs and 3
were metallic SWCNTSs. All the devices made from metallic SWCNTSs display negligible
change in /4 V/; curves compared with the devices with semiconducting SWCNT (see the
supplementary information). For controls, we always examine the working devices prior to
opening the CNT using an oxygen plasma. We also prepare control devices with a section of
SWCNT between source and drain electrodes exposed to various electrolytes (Figure S2).
None of these controls alter the transport characteristics of the SWCNT FET significantly.
After removing the exposed CNT in the reservoirs (see Figure 1b) and opening the ends of
CNT by oxygen plasma, 6 devices made with semiconducting SWCNTSs show the same
trend of variation in /4 V/; curves when exposed to electrolytes with various concentration,
pH and ion species. The other 2 devices don’t display systematic and repeatable responses,
which may due to defects or contaminations in the devices. In the following paragraphs, we
will only discuss the results from those 6 devices.
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3. Results and discussion

We first measured /4, curves of SWCNT FET devices in KCI solution with different
concentrations and the results for three devices are shown in Figure 2a-c. The curves have
hysteresis and only the sweep-down curves are shown. The electronic transport
measurement in air (grey curves) suggested the FET was p-type, which is “on” at negative
gate voltage and “off” at positive gate voltage. After adding DI-water, the device became
insensitive to the back gate voltage, keeping /4 constant for the entire range of V, (green
curves) as previously reported [12]. We then studied the response of the SWCNT FET when
KCI solutions with different concentrations were injected into the reservoirs sequentially in
an order from low to high. The /4V/, curves changed correspondingly with KCI
concentration but the change was not monotonic. With the increase of KCI concentration
from 1x10°M to 1M, the /4 at positive gate bias (e.g., at 10V) current initially decreased,
restoring the p-type behavior, and then increased again. The current at negative gate bias
(saturation current) hardly changed for all the KCI solutions. To better display the results,
we define gating efficiency, A//l.. Here, A/=1_- /., where /,is the maximum current at
positive gate voltage and /- is the maximum current at negative gate voltage. The plot of A/
/- vs. KCI concentration is shown in Figure 2d. To reveal the device to device variation, the
results for 4 devices are shown here. It is obvious that the ratio is the biggest at around
0.1mM. When the KCI concentration is further increased, the gating efficiency decreases in
general though there are device to device variations. The corresponding controls do not
show this level of sensitivity to salt concentration. The ionic current through device 1 has
also been measured at different KCI concentrations (gray curve in Figure 2d), showing
similar behavior as previously reported [7]. These results confirm that the inner surface of
semiconducting SWCNT is electrically sensitive to ions. At low salt concentration, the
presence of ions likely disrupts the orderly oriented water structure inside the CNT and
suppresses the interaction between water and the inner surface of SWCNT. So we observe
the increase of gating efficiency until the salt concentration reaching 10*M. At higher salt
concentration, the gate voltage will be strongly screened by the ionic solution inside the
CNT and thus the gating efficiency is reduced.

We further studied the response of the electrical transport characteristics of the SWCNT
FET when exposed to ionic solution with different pH values. Figure 3a-c showed /4Vj,
curves for three opened semiconducting SWCNT FET devices when the reservoirs were
filled with ImM KCI solutions at various pH values from 3 to 9. The /4 at positive gate
voltage (i.e., 10V) increased significantly at low pH while the Iy at negative gate voltage
were relatively constant. KCI solution at higher concentration such as 1M was also tested
and the pH sensitivity was much lower (e.g., 1M, see supporting information). The pH
dependence of the electrical transport characteristics was also reflected in the gating
efficiency A//I- vs. pH plots (Figure 3d). The biggest gating efficiency appeared at pH 9,
where /4. was the lowest. Using a liquid-gated FET configuration, recent studies often
reported the SWCNT conductance (at a fixed gate voltage) increased with the increase of
solution pH [19-22]. This response was opposite to that of the opened SWCNT FET,
suggesting different mechanisms for pH sensitivity between opened and unopened SWCNT
FETs. The pH sensitivity for the unopened SWCNT was attributed to the adsorption of
hydroxyl groups to the external surface of SWCNT or the ionization of silanol groups on
SiO, surface near the SWCNT. In our control experiments (supporting information), the
exterior surface of CNT didn’t show any sensitivity, differing significantly from the opened
CNT. In order to better understand the pH sensitivity of opened SWCNT, we also measured
the ionic current through CNT in 1mM KCI solution at different pH (gray curve in Figure
3d). The ionic current increased with the increase of pH, which was consistent with previous
results and was attributed to protonation of carboxyl groups at CNT ends [7]. At pH 9,
positive potassium ions are in excess within the CNT. Considering both the /4 and ionic
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conductance data, we propose one explanation for the experimental data. When the KCI
concentration is low, proton and potassium ions are the major carriers inside the CNT at pH
3 and 9 respectively. At pH 3, the FET gating efficiency is suppressed by effective water-
CNT interior interaction due to the reduced number of potassium ions [12]. At pH 9,
positive potassium ions are excess inside the CNT and disrupt the water-CNT interaction
more frequently and therefore restore the gating efficiency. This hypothesis is supported by
the fact that the pH sensitivity almost disappears at 1M KCI concentration because the
number of potassium ions are large even at pH 3 solution. It is also worth to note that the
opposite trend between /4. and ionic current as a function of pH excludes the possibilities
of a short circuit between drain and source electrodes caused by interior conductive ionic
solution.

We also studied the electrical sensitivity of the opened semiconducting SWCNT to chloride
electrolytes with three different cations, K*, Na* and Li*. We used 1mM for concentration
to optimize sensitivity. The electrolytes are freshly prepared and no buffer is added to make
the electrolytes as simple as possible. As shown in Figure 4a, the biggest change in lgs as a
function of Vy is observed for the electrolyte containing K*, which has the largest atomic
size but the smallest hydration shell out of the three tested cations. The gating efficiencies
A//I-in various 1mM chloride electrolytes are also illustrated in Figure 4b. Same to Figure
4a, the biggest gating efficiency is obtained in KCI solution. These results confirm that the
interaction between water molecules and CNT inner surface is more critical in determining
145+ Stronger interaction will more effectively diminish the device gating efficiency.
Potassium ion is likely more effective in preventing the effective interaction between water
molecules and CNT inner surface due to its bigger atomic size. We also measured the ionic
current through the opened SWCNT. For comparison, the ionic current only through the
PDMS microfluidic channels (minimum width >10p.m) was measured and the conductance
values were close to the bulk solution data. As shown in Figure 4b, the ionic conductance in
both SWCNT nano channel and PDMS micron channel varied in the sequence
Gkcr®Gnaci>GLic- However, the ionic conductance of LiCl solution is about 0.8 of KCI
solution in micro channels and drops to about 0.3 in SWCNT nano channels. The difference
suggests the potassium ion is easier to be translocated through the SWCNT, attributing to its
smaller hydration size. The ratio of G| jc)/Gkc) varied from 0.3 to 0.6 for different SWCNT
devices. The variation presumably arises from the fluctuation of SWCNT diameters. Our
results are also consistent with the observation of substantial ion selection in sub 2nm
CNTs[23]. The origin of ion selection has been confirmed as the steric exclusion by the
small CNT diameter and the electrostatic rejection by the carboxyl groups at CNT ends [23].

Finally, we studied the electrical response with time. As shown in Figure 5, the device can
response to the /n situ exchange of concentration (Fig. 5 a and b) and pH (Fig.5 ¢ and d) of
the KCI solutions in the reservoirs. The response is reversible. Due to the microfluidic
channel design, it normally takes several seconds to exchange the solution in the reservoirs.
During the solution exchange, the electrical current /4 is often affected by mechanical
vibrations. Therefore, we cannot acquire the response time of the device accurately.
However, we consistently observe that the device responds more quickly when the
conductivity of SWCNT is changed from high to low than from low to high, for both
concentration and pH.

4. Conclusion

Our experiments demonstrated that the electronic properties of semiconducting SWCNTs
are highly sensitive to the variations of ionic flow inside the SWCNT. This will be important
for developing a fundamental understand of the dynamics of ion and molecule transport
through sub-2nm conductive nanopores and nanochannels and the induced polarization
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effect inside conductive nanopores. In addition, the results reported here are one step further
towards building new type of nano-electrofluidic devices and platforms for biomolecule
manipulation and detection. Using the same device structure, the electronic sensitivity to
small charged (bio) molecules will be studied in the next step. Single molecule sensitivity is
expected.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(a) Schematic of the device structure of a combined SWCNT field effect transistor and
nanopore device. The electrical measurement configuration for both electronic current and
ionic current measurement is also shown. The distances between source (S) and drain (D)
electrodes is 15um and the barrier width is 30m. (b) Scanning electron microscope (SEM)
image of a used device after stripping off the covering PMMA layer. The two rectangles
enclosed by white dash lines indicate the location of reservoirs. In the barrier region, one
SWCNT bridges two reservoirs and is also contacted by both the source and drain
electrodes. (c) Optical microscope image of a working device during measurement. The
device is covered by a PDMS stamp with microfluidic channels and aqueous solution fills
the reservoirs.
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The dependence of electronic and ionic current on KCI concentration. (a)-(c) lgs-Vq semilog
curves of 3 working devices with opened semiconducting SWCNTSs before (gray) and after
adding DI water (green) and 1x10-> M to 1M KCI (pH=7) solutions sequentially from low to
high. (d) Gating efficiency A ///- vs. KCI concentration for 4 different devices. The ionic
current (gray) at Vionic=0.5V and at different KCI concentration is also shown here for

comparison.
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pH dependence of 3 working device containing open ends (semiconducting SWCNTS). (a)-
(c) lgs-Vg semilog curves for three devices filled sequentially with pH=3 (red), pH=5
(green), pH=7 (blue) and pH=9 (magenta) 1mM KCI solutions at Vds=0.5V. The inset in (a)
shows an optical image of a device sealed with a PDMS cover with microfluidc channels
(green). The two blue squares (i.e., 60 um x 60 m) are the fluid reservoirs cut into the
PMMA (yellow). (d) Gating efficiency A //I- for different pH (black solid squares) for 3
devices. The measured ionic current at different pH was shown (gray open circles). The

concentration of the KCI solution is 1mM and Vijgpic= 0.5V.
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Figure 4.

The electrical response of opened semiconducting SWCNTSs to different cations. (a) Typical
lgs Vs. Vgs curves when the opened SWCNT (device 2) was exposed to 1mM KCI (red),
NaCl (green) and LiCl (black) solutions respectively at V4s=0.5V. (b) Gating efficiency Al/
I-(black squares) and ionic conductance ratio (normalized with Gkc)) (blue solid circles) in
three different 1mM ionic solutions for the same SWCNT device are shown. The ionic
conductance ratios in PDMS micron size channels are also displayed for comparison (blue
open circles).
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The electrical response of an open ends semiconducting SWCNT to different concentration
and pH KClI solutions as a function of time. (a) and (b) /4 vs. ttraces when the opened
SWCNT was exposed to 100 mM and 1mM KCI solutions sequentially at V4s=0.5V and
Vgs=5V. The pH was7 in this case. (c) and (d), /4 vs. ttraces when the opened SWCNT was
exposed to pH=3 and pH=9 solutions sequentially at V4s=0.5V and Vg=5V. The KCI
concentration is fixed at ImM. The arrows indicate the starting points of solution exchange
by syringe.
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