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he excellent electronic properties,
Tsmall pore size, and large surface to
volume ratio of single-walled carbon
nanotubes (SWCNTs) form the basis of a
large number of new types of electronic
sensors' > in which analytes generate a signal
by binding to the outside of a SWCNT. How-
ever, the interior of the SWCNT is unexplored
territory for chemical and biological sensor
applications. Here, we address the question of
how internal water wetting affects the elec-
tronic properties of the SWCNT (and the
properties of the contacts to it).
Counterintuitively, the hydrophobic in-
terior of SWCNTSs is readily wetted because
the surface tension of water is much lower
than the threshold value.*® Microscopically,
the chemical potential of water is lower
inside the SWCNT than in the bulk? and
water can be transported at many thousand
times the speed possible with classical Poi-
seulle flow.®~? Internal wetting of CNTs has
been verified by transmission electron
microscopy (TEM)'® and a number of spec-
troscopy methods,"' ~'® showing that water
is ordered inside a CNT. The transport of
water, ions, and small molecules through
CNTs has also been studied experimentally
using membranes consisting of billions of
carbon nanotubes in parallel.”?'® Recently,
we reported studies of ion and DNA trans-
location through individual SWCNTs'” by
making devices in which just one SWCNT
connects two fluid reservoirs. lonic currents
were found to be much larger than predicted
by a standard electrophoresis model, and
DNA translocation was accompanied by elec-
trical signals that differed drastically from
what is observed in other inorganic nano-
pores.’®~%° A very recent study showed yet
another (proton dominated) mode of trans-
port in very long SWCNTs.""
SWCNT field-effect transistors (FETs) show
that the electronic properties of SWCNTs are
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ABSTRACT We have constructed devices in which the interior of a single-walled carbon

nanotube (SWCNT) field-effect transistor acts as a nanofluidic channel that connects two fluid

reservoirs, permitting measurement of the electronic properties of the SWCNT as it is wetted by an

analyte. Wetting of the inside of the SWCNT by water turns the transistor on, while wetting of the

outside has little effect. These observations are consistent with theoretical simulations that show

that internal water both generates a large dipole electric field, causing charge polarization of the

tube and metal electrodes, and shifts the valence band of the SWCNT, while external water has little

effect. This finding may provide a new method to investigate water behavior at nanoscale. This also

opens a new avenue for building sensors in which the SWCNT simultaneously functions as a

concentrator, nanopore, and extremely sensitive electronic detector, exploiting the enhanced

sensitivity of the interior surface.

KEYWORDS: nanofluidics - nanopore - carbon nanotube - biosensor -

nanoconfinement - water in nanoscale channels

sensitive to their diameter, chirality, defects,
doping,®' adsorbates,**** and environment,?
though these effects can be masked by the
dominant role of Schottky barriers at the
metal—SWCNT junction.>*?* Wetting of the
outside of SWCNT-FETs by water changes
their hysteresis and shifts their threshold
gate voltage (Vin).2® 2° The resistivity of
SWCNT mats falls when they are wetted
(possibly both inside and outside),"**° but
these results are difficult to interpret in
terms of the response of individual SWCNTSs.
Thus, we have used our new devices, in
which just one SWCNT connects two fluid
reservoirs to compare the effects of external
and internal wetting on SWCNT-FETs.

RESULTS AND DISCUSSION

The combined nanofluidic CNT-FET is
shown in Figure 1. It consists of a single
SWCNT that connects two fluid reservoirs
formed in a PMMA resist using e-beam litho-
graphy. Source and drain electrodes are
evaporated onto the SWCNT under the
barrier,®*? and a heavily doped p-type
silicon substrate acts as a backgate. Only

ACR NN/
VOL.5 = NO.4 = 3113-3119 = 2011 Axﬂ\%i{\j

* Address correspondence to
jinhe@asu.edu,
stuart.lindsay@asu.edu.

Received for review January 20, 2011
and accepted March 28, 2011.

Published online March 31, 2011
10.1021/nn200251z

©2011 American Chemical Society

3113

WWwWw.acsnano.org



Source
Electrode (8)

Figure 1. Measurement of a SWCNT nanofluidic channel integrated with a SWCNT field-effect transistor. (a) Schematic of the
device structure and electrical measurement configuration. The inset shows an optical image of a device. The two blue
squares (i.e., 60 um x 60 um) are the fluid reservoirs cut into the PMMA (yellow). Areas contacted by the PDMS cover are
shown in green. Fluid flow in the PDMS channels is indicated by the red and blue arrows. The distance between source (S) and
drain (D) electrodes (red) is 15 um. (b) Scanning electron microscopy (SEM) image of a single reservoir device after stripping
off the PMMA layer to show the SWCNT lying under the electrodes. The areas labeled by the gray dashed squares indicate the
position of the reservoirs. (c) Optical image of a device assembled with a PDMS cover for solution delivery. The red and blue

lines show the fluid paths.

the SWCNT under the barrier remains after the exposed
SWCNT in the reservoirs has been etched with an
oxygen plasma.'” The fluidic path is completed by
attaching a PDMS cover containing microfluidic chan-
nels. Further details of the fabrication are given in the
Methods.

We first characterized individual p-type semicon-
ducting CNT-FETs prior to opening the SWCNT, both
dry and with the exposed SWCNT wetted. We then
opened the SWCNTs and recorded FET characteristics
with the tube dry and wet. Only internal wetting had a
significant effect on the characteristics of the device.
Furthermore, vacuum drying of the SWCNT restored
the prewetting characteristics. For controls, we (a)
exposed the SWCNT between source and drain elec-
trodes and wetted the tube externally in this region;
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(b) connected an electrode to the fluid reservoir and
altered its potential (the extent possible with pure
water); (c) varied the degree of plasma treatment of
the reservoirs to alter surface charge in the reservoirs
(Supporting Information Figure S3e). None of these
controls altered the response of the SWCNT signifi-
cantly. Thus, we conclude that water on the inside of
the tube affects the contacts (and probably the band
structure) of the tube in a way that water on the outside
of the tube does not.

Representative data for one tube before opening are
shown in Figure 2a. The source—drain current (/ps)
versus backgate voltage (Vgs) curves are for the dry
tube in air (black curves) and for the tube externally
wetted in the reservoir area (red curves). We observe an
increase of hysteresis and a shift of the threshold gate
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Figure 2. Effects of wetting on electronic transportin a SWCNT. (a) External wetting: Ips— Vs semilog curves for an unopened
p-type SWCNT device before (black) and after (red) filling the reservoirs with water at Vps = 0.5 V. The blue arrows indicate the
direction of the Vs sweep. (b) Internal wetting: Ips— Vs curves (Vps = 0.5 V) before opening (gray), after opening with an
oxygen plasma (black), after water is added to the reservoirs (red), and after the tube is subsequently dried in vacuum (green).
(c) Heat map of Ips (green = zero current) as a function of Vgs and Vps for an unopened p-type SWCNT-FET. (d) Same as in c but
internally wetted. The SWCNT is now ohmic over the entire range of Vs and Vps.

voltage (Vy) as reported earlier for external wetting.2°~%°

Immediately after a gentle (~30's, 7.2 W) oxygen plasma
treatment to open the SWCNT (Figure 2b), we find that /g
decreases a little in the saturation current region and Vy,
shifts slightly (black curve, Figure 2b). The characteristics
change dramatically a few minutes after injection of
water into the reservoir to wet the interior surface
of the tubes (red curve, Figure 2b). The backgate bias
no longer has any effect over the range of bias we
can apply without breakdown. The transition is
independent of drain—source bias as shown in heat
maps (Figure 2¢,d) of Ips as a function of both Vps and
Vs. Transistor action in the dry device (Figure 2c) is
abolished over the entire range of Vps and Vs when
it is wetted internally (Figure 2d). Furthermore, the
effect is quite reversible: vacuum drying restores
the function of the backgate (gray curve). Note that
the “on” conductance of the tube does not change
dramatically when the tube is internally wetted,
the main effect being abolition of the action of the
backgate.

When a p-type SWCNT-FET (keeping the electrodes
protected) is externally wetted, its threshold moves
toward more negative gate bias and hysteresis
increases.?®~%? Internal wetting produces exactly the
opposite result (Supporting Information Figure S1): the
threshold moves to more positive gate bias and the
hysteresis decreases.
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Internal wetting abolished gating reversibly in 11
out of 18 measured semiconducting CNT devices and
diminished it in 3 of the remaining 7 devices (Supporting
Information Figure S5). Thus, the observation is not a
result for a specific chirality or diameter, but a rather
general property of single-walled semiconducting car-
bon nanotubes. We also measured three metallic CNT
devices, and all showed decreased conductance after
water filling (Supporting Information Figure S6).

We have ruled out some trivial causes for this effect.
It is not a consequence of a short circuit between drain
and source caused by external wetting. No amount of
exposure to water alters the p-type FET response
unless the SWCNTSs are opened. We can also rule out
the possibility that oxygen plasma treatment alters the
tube in some way. Freshly opened tubes that are not
exposed to water show p-type transistor action with
characteristics only a little different from those mea-
sured prior to opening the tubes (black curves,
Figure 2b). Another possibility is that the surface
charges in the water reservoirs generated by oxygen
plasma treatment may “pin” the potential of the CNT
(through the poorly conducting medium of the water)
out of the range of the backgate potential. We there-
fore measured the effect of sweeping the potential of a
quasi-reference electrode (Pt wire) in contact with the
water (water-gate, “V,,4" in Supporting Information
Figure S3). This reference electrode plays the role of
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introducing a strongly charged surface into the reser-
voir. The electronic transport characteristics of the
CNT-FET device (with both unopened and opened
CNT) were not sensitive (Supporting Information
Figure S3) to the potential applied to the “water-gate”
potential over a range of three volts, a potential change
much larger than could be produced by any reason-
able change in surface charge. Thus we can conclude
that surface charges in contact with the water reservoir
do not play an important role in our device. The most
likely explanation for this is the high resistivity of
(reasonably) pure water. Thus the potential of water
inside the tube will be dictated by interactions with the
tube, unless salt is added to the reservoirs.?

Studies of external wetting®®2° have been carried
out using a window opened in dielectric material that
covers the metallic contacts (Supporting Information
Figure S2). The difference between internal and ex-
ternal wetting may just reflect the fact that the tube is
not wetted all the way up to the contact in the external
wetting process. To check for this, we opened a window
that exposed the electrodes as well, having first estab-
lished that current flow through the water in contact with
the electrodes is negligible (Supporting Information
Figure S4a). External wetting of the tube all the way up
to the contacts did move the threshold to more
positive gate bias but did not result in abolition of
gating (Supporting Information Figure S4b). So this
difference between external and internal wetting does
not account for the effects of internal wetting.

Finally, we considered the possibility that the gate
field is modified by the dielectric properties of confined
water®® which will alter the capacitance of the tube,
and hence its potential at a given gate bias, but
estimates of this effect show that it is very small. Thus,
we conclude that internal wetting must alter the
electronic properties of the SWCNT and/or the Schottky
barriers® at the contacts in a way that external wetting
does not.

In order to investigate these effects further, we
carried out molecular dynamics and electronic struc-
ture calculations for water confined inside a SWCNT.
Turning first to water structures inside the tube, we
filled a 2.84 nm long semiconducting (10,0) tube
(0.78 nm diameter) with water and equilibrated the
structure (see the Methods and Supporting Informa-
tion for details). The resulting water structure is a
single-file hydrogen-bonded “wire” (Supporting Infor-
mation Figure S8). The dipole orientation of such water
structure and the importance of the dipole orientation
to the water transport through CNT have been studied
before.3**> According to our estimates, the dipole field
of this water structure is in magnitude competitive or
even stronger than the electrical field of the backgate
in both axial and radial components. This dipole field
causes redistribution of the charges at the CNT and
contact electrodes which cancel the dipole field but
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water

Figure 3. Change of electronic properties during wetting.
(a) Ips vs time for Vgs = 20 V and Vpg = 2 V. The red arrow
marks the point of water addition, with current initially
falling before rising to the equilibrium value. The optical
microscopy image of the single reservoir device used for
this measurement is shown in the inset. (b) Ips—Vps curves
(Vs =0V) for a slow-filling device (inset top right) showing a
transition from symmetric behavior (1) to rectification (2,3)
and back to symmetric behavior (4) as the internal water
propagates into the structure (inset bottom right).

also influences the electronic characteristics of the
tube, including Schottky barriers. The water dipole will
flip frequently,® but the flipping can be suppressed by
the drain—source field. In contrast, external water gen-
erates essentially no dipole field. Thus internal water may
generate an electric field and polarizes the tube and
metal electrodes that modify the Schottky barrier at
the contacts. These effects are not seen at external
wetting.

Second, internal water may also modify the electro-
nic structure of CNT, as suggested by the IR
spectroscopy.'* We have carried out DFT electronic
structure calculations using the same CNT (10,0) tube.
The CNT was filled with optimized and thermally
equilibrated (300 K) water structure (Supporting Infor-
mation Figure S$12), using molecular dynamics simula-
tions as discussed in the previous paragraph. A
decrease in the band gap was observed when water
molecules fully fill the CNT (red curve in Supporting
Information Figure S12c).The CNT band gap decreases
with the number of water molecules (Supporting
Information Figure S13). The band gap is also reduced
when water molecules are placed outside the tube.
However, the decrease is much smaller (~15%) even
when a large number (115) of external water molecules
were used. The reduction in the band gap of CNT
originated from the enhanced interaction between
ordered structure of water molecules and the carbon
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atoms. Significantly stronger interaction is observed
when water molecules are confined inside the tube
(insets in Supporting Information Figure $12c¢), leading
to a penetration of the occupied levels of oxygen into
the CNT band gap. No shift in the CNT Fermi level was
observed, and there was no charge transfer between
internal water molecules and carbons. The CNT band
gap reduction will lower the Schottky barriers and push
Vi to a larger positive value.

On the basis of these simulations, it is clear that
internal wetting can modify the electronic property of
device either through dipole electric field and induced
polarizations mediated modification of the Schottky
barriers and/or via the shift of the valence band owing
to the band gap reduction. We devised an experiment
to separate the effects of internal wetting on the
contacts from the effects on the electronic properties
of the tube itself. To do this, we opened the SWCNT at
one end only, so that the internal wetting would
proceed slowly, passing first one contact, then the
interior of the device, and finally the second contact,
measuring the current through the device as the
wetting proceeded. Figure 3a shows a typical current
versus time trace for a device gated partially “on”
initially. Interestingly, the current first drops and then
rises to the saturated “on” value (note the current scale
is logarithmic). Since, as revealed by Supporting Infor-
mation Figure S13a and quantum calculations, the
internal wetting has a minimal effect on the valence
band when the wetting is less than 25% of one side and
becomes really significant at more than 75% of the
tube filling, this result implies that wetting increases the
Schottky barrier at the first contact, an effect that is
eventually counteracted by the upward movement of
the valence band. It was shown previously that asym-
metric Schottky barriers (generated by different metal
contacts®” or an extra gate near one contact®®) will
produce rectifying behavior. We slowed down the
wetting process by using a tube with a 100 um
separation between the source and drain electrodes
so that we could record Ips as a function of Vps as
wetting proceeded (the backgate was set to turn the
device “on” initially). Initially (1 in Figure 3b) the
Ios—Vps curve was symmetric. However, at intermedi-
ate times (2 and 3 in Figure 3b), the device showed
rectification, returning to a symmetric response (4 in
Figure 3b) as both contacts became wetted.

We can qualitatively account for our observations by
assuming (a) that the Schottky barriers are first in-
creased due to the water dipole induced polarizations
of the CNT and metal electrodes, in particular, as
predicted by the molecular dynamics simulations and
(b) that the valence band is then shifted upward
(narrowing the Schottky barriers) as predicted by the
DFT calculations. Figure 4a shows the device switched
“on” (blue dashed lines) at Vgs = 0 and “off” (orange
dashed lines) at Vgs > 0 when the tube is dry. When
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Figure 4. Sequential change of the energy band diagrams
of a CNT-FET device during water wetting process at a fixed
positive Vs and different Vs (orange, positive; black, zero;
blue, negative). (a) Initial diagram before wetting. (b) In-
crease of Schottky barrier at contacts. (c) Upshift of valence
band (Ey) while the CNT Fermi level is fixed. The red lines
indicate the heights of Schottky barriers. S and D are source
and drain electrodes, respectively. In the diagrams, the
contact resistance is neglected and the Fermi level between
metal contact and CNT is always in alignment.

water wets the inside of the CNT under the first contact,
an increase of the Schottky barrier height (Figure 4b)
leads to a current (Ips) drop. With the further wetting of
the CNT interior, the upward shift of valence band (Ey)
(Figure 4c) lowers the Schottky barrier height, turning
the device on. A significant shift in Ey and/or a large
local polarization field at contacts (due to the induced
image charges at electrodes from the polarized CNT)
will overcome the ability of the backgate to modulate
the conductance (indicated schematically by the smal-
ler difference between the dashed orange and blue
lines in Figure 4¢) and also turns the device “on” at Vgs
> 0. We often observed a similar or slightly smaller “on”
conductance of the devices after water wetting, which
implies a similar Schottky barrier or a large metal—CNT
contact resistance.

Internal wetting with a salt solutions (0.1 mM KCl)
immediately restored p-type transistor action in tubes
that had been rendered insensitive to gating by pure
water (Supporting Information Figure S7). The change
may be due to the disruption of the ordered water
structure and the water—CNT interaction inside the
CNT by the hydrated salt ions. At 0.1 mM salt, a 15 um
long SWCNT contains approximately 3 K and 3 CI~
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ions and 10° water molecules, so water ordering would
have to be extremely sensitive to the presence of just a
few ions. A second possibility is that the carbon
nanotube potential needs to float with respect to the
reservoirs for the abolition of gating to be observed.
The addition of salt will add the capacitance of all of the
electrolyte in the reservoir to that of the tube, effec-
tively pinning the tube potential.

In summary, we have studied electronic transport in
individual SWCNTs as they are filled by water. The tubes
are extremely sensitive to internal wetting, which affects
the CNT potential and band gap structure, owing to the

METHODS

Device Fabrication. We first grew well-separated single-walled
carbon nanotubes (SWCNTs) on boron-doped silicon wafers
(used as a backgate) with 1000 nm of thermal oxide. Cobalt
nanoparticles were used as catalyst, and the carbon source was
ethanol vapor. Conditions were chosen to produce high-quality
SWCNTSs with an outside diameter of 1—2 nm.!” Gold markers
and large electrical pads were fabricated using optical litho-
graphy. SEM images were used to locate the SWCNTSs' position
relative to the markers. After SEM imaging, the chips were
heated at 400 °C in air for 1 h to remove resist residue.
Immediately after cleaning, the Au/Cr metal electrodes for
contacting the SWCNTs (normally 5 um in width and 40 nm/
5 nm in thickness) were fabricated using electron-beam litho-
graphy (EBL) and the electrical properties of SWCNT were
measured in ambient air. SWCNTs with good electrical proper-
ties were selected for the next step. We then spun-on a 900 nm
thick layer of poly(methyl methacrylate) (PMMA, A8) over the
entire device structure, and wells were formed along the path of
a SWCNT using EBL aligned relative to the markers.

Electrical Measurements. The electrical measurements were
carried out in a home-built probe station inside a faraday cage.
A Keithley SourceMeter 2636A, a low noise current meter 6514,
and a function generator (DS 345, Stanford research system)
were used and controlled by custom labview programs.

Theory. The density functional theory (DFT) calculations
were performed with the computational chemistry package
NWChem*' using 12 000 processors at the Cray XT5 computer
(Jaguar) of the National Center of Computer Sciences (NCCS),
ORNL. The molecular dynamics (MD) calculations were per-
formed at the Cray XT5 computer (Kraken) of National Institute
of Computational Sciences (NICS), UT Knoxville, using the
computer package GROMACS.*? Hydration geometries were
determined using MD simulations on a (10,0) carbon nanotube
of various lengths (2.84 nm, 280 C atoms, and 1.56 nm, 160
atoms), of 7.8 A diameter, partially and fully filled with water, as
well as wetted outside. Eleven water molecules filled the longer
nanotube, forming a chain, while 115 water atoms wetted the
CNT externally. We performed the all-electron calculations
using the 3-21g (3s2p) basis and the GGA nonlocal hybrid DFT
exchange-correlation functional, with Gaussian smearing of
0.13 eV in the case of the water filling and of 0.54 eV for the
external wetting. Full details are given in the Supporting
Information.
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nanoconfinement of water. Thus this work provides a
new method to investigate water at nanoscale. Further-
more, SWCNTs are likely to be even more sensitive to
internal analytes than they are to external analytes. Using
the inside of the tube as the sensing surface will also
permit the SWCNT to be used as a nanopore (for analyz-
ing single molecules'’) and as a nanoscale sample con-
centrator because of the ion selectivity of SWCNTs*>%*°
and the enhanced water flow inside them.”® Analytes
dissolved in water that enter the CNT slowly will accu-
mulate owing to the several-thousand-fold enhance-
ment of water flux through the tube.
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