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Surface science and molecular biology are often concerned with
systems governed by fluid dynamics at the nanoscale, where
different physical behaviour is expected1,2. With advances in
nanofabrication techniques, the study of fluid dynamics around
a nano-object or in a nano channel is now more accessible
experimentally and has become an active field of research1,3–5.
However, developing nanoscale probes that can act as flow
sensors and that can be easily integrated remains difficult.
Many studies demonstrate that carbon nanotubes (CNTs)
have outstanding potential for nanoscale sensing, acting as
strain6–8 or charge sensors in chemical9–11 and biological12–15
environments. Although nanotube flow sensors composed of
bulk nanotubes have been demonstrated16, they are not readily
miniaturized to nanoscale dimensions. Here we report that
individual carbon nanotube transistors of 2 nm diameter,
incorporated into microfluidic channels, locally sense the
change in electrostatic potential induced by the flow of an
ionic solution. We demonstrate that the nanotube conductance
changes in response to the flow rate, functioning as a nanoscale
flow sensor.
With diminishing system size, surface-related phenomena
become more significant. For example, the ions of an aqueous
solution interact electrostatically with charged surfaces, thereby
coupling fluid dynamic properties and ionic spatial distribution.
This produces electrokinetic phenomena such as electro-osmosis
or electrophoresis. In particular, this coupling gives access to the
fluid dynamic properties through changes in the electrostatic
potential or charge distribution. The small size and high electrical
conductivity of CNTs makes them an excellent material for
nanoscale electrochemical sensors and probes, a topic that has
received much attention in recent times. For example, sensors for
the chemical potential of solutions containing redox-active
molecules have been demonstrated using single-walled nanotubes17,
and working electrodes have been realized using both single-walled
nanotubes (SWNTs)18 and multiwalled nanotubes (MWNTs)19.
Although a voltage or current has been observed from fluid
flow past bulk nanotubes16, the change in the conductance of
an individual nanotube device in response to fluid dynamic
properties has not yet been reported. Here we show that when
incorporated into microchannels, electrolytically gated SWNT
transistors20,21 can sense the local potential generated by a
fluidic flow of ionic solutions on charged surfaces, known as
the streaming potential. From the linear shift of their

counterelectrode voltage characteristics versus flow rate Q, we
estimate the solution’s zeta potential (z potential), defined as
the electrostatic potential at the no-slip plane of an ionic
solution/solid interface. The value of z  20.1 V obtained for
dilute NaCl solutions contacting a negatively charged
silica/PDMS (polydimethylsiloxane) microfluidic channel is
similar to previously measured values for indifferent univalent
ions Naþ on silica22 and Kþ on PDMS (ref. 23).
Furthermore, taking advantage of the coupling between
electrostatic potential and fluid dynamics, we demonstrate that
individual nanotube transistors act as fluidic flow sensors that
locally sense potentials with nanometre-scale resolution. This
contrasts with recent studies in which a voltage was generated by
flow over bulk quantities of nanotubes16 or through glass
microchannels24 and measured to determine flow rate. Also, because
of their 2-nm height, nanotube devices can be integrated into
micro- or nanoscale fluidic circuits, making them suitable for use in
lab-on-a-chip applications, such as providing active flow sensing
and high-resolution flow mapping on surfaces. Another advantage
of our approach is that we study the nanotube conductance, using
the nanotube transconductance as an amplifier. In particular this
ensures that the changes induced by the flow are generated
locally from the nanotube only, eliminating potential artefacts that
could originate at the electrode level. We estimate for a typical
100 mm  200 mm microfluidic channel that the thermodynamic
limit to sensitivity in a 1 Hz bandwidth is 100 nl min21.
Figure 1a shows a schematic diagram of our experimental
geometry where a 2 nm diameter single-walled nanotube
transistor is integrated inside a microfluidic channel. Details about
the device fabrication and measurements are provided in the
Methods section. Each nanotube has a source and drain contact
through which we applied voltages and measured the resulting
current. We also applied a voltage VCE to the counterelectrode,
causing ions to migrate to the nanotube surface to form an ionic
double layer, which acts as a gate voltage to modulate the charge
density within the nanotube. The double layer capacitance is very
large at 4  1029 F m21 (refs 20, 21). This gives our devices a
very large transconductance e 2/h, as first reported by Krüger
et al.20 on MWNT devices and later by Rosenblatt et al.21 on
SWNT devices. The conductance G of a semiconducting singlewalled carbon nanotube versus VCE is shown in Fig. 1b. The data
show an insulating region with G  0 where the carriers are
depleted, and an approximately linear rise in G outside the
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Figure 1 Experimental setup for the nanotube-based flow sensor and
nanotube transistor conductance versus counterelectrode voltage.
a, Schematic diagram of a CNT device showing a nanotube with source, drain
and counter electrodes. The device is covered by a PDMS membrane with a
microfabricated channel. The channel is placed over the device and liquid is
caused to flow through it. b, Conductance versus counterelectrode voltage for a
semiconducting nanotube device. The inset shows a schematic nanotube band
diagram where E F is the Fermi energy.

Figure 2 Shift in nanotube transistor threshold voltage with liquid flow
rate. Conductance versus counterelectrode voltage for different flow rates (the
black, blue, light blue, orange and red curves correspond, respectively, to flow
rates of 0, 50, 100, 150 and 200 ml min21). The inset shows threshold voltage
versus flow rate. The data closely follow a linear trend.

where 1 is the fluid dielectric constant, 10 is the vacuum
permittivity, R is the flow resistance from the tube to the

counterelectrode, estimated from Poiseuille’s law, z is the zeta
potential of the ionic double layer on the channel surfaces, h is
the liquid viscosity, n is the ionic concentration, l is an offset
concentration that may arise from the background concentration
of ions and/or surface conductivity along the channel walls, and
m is the effective ionic mobility26. The effective counterelectrode
voltage that induces the charge on the nanotube is given by
f ¼ VCE 2 DV, which produces a shift of DV in Vth. From
equation (1), we expect that for sufficiently large n, DV should
decrease as n 21.
Figure 3 shows a plot of the slope a of the threshold
voltage shift versus Q for a number of values of n, with NaCl as the
electrolyte. The inset to Fig. 3 shows G versus VCE for several n
values, from which the data were determined. Fitting our data to the
above relation for a ¼ jd(DV)/dQj with 110 ¼ 8  10210 F m21,
R ¼ 7  1010 Pa s m23, h ¼ 0.9  1023 Pa s and m  1027
m2 V21 s21, yields l  1026 M and z  20.1 V. As the z potential
depends weakly on concentration for the dilute ionic concentrations
used here22,26, the value we have obtained is only an estimate.
Nevertheless, our value for the z potential is in good agreement
with typical values previously reported for several dilute ionic
solutions in contact with glass and PDMS-coated channels22,23. The
value for l can be accounted for by the ionic concentration due to
the measured pH of our deionized water, which is typically in the
range 5–6, and therefore we assume that the surface conductivity
contribution to l is of a similar order of magnitude or smaller.
The ability of nanotubes to sense the local streaming potential
enables our devices to act as integrated nanoscale flow sensors.
Figure 4 shows a plot of G versus time at constant VCE as the
flow rate is increased sequentially through 0, 100, 200 and
300 ml min21, and then back down sequentially through the same
values. This produces a series of steps in the device conductance.
Note that the oscillations in the conductance on the steps are
due to periodic variations in Q produced by the axial motion of
the syringe pump. VCE can be set where G versus VCE is linear so
that the change in G on each step is directly proportional to its
corresponding Q, as expected from equation (1) (Fig. 4 inset).
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insulating region due to hole doping. The inset shows a schematic
band diagram of the hole-doped nanotube. We fit a straight line to
the curve and extrapolate it to zero conductance to determine the
device threshold Vth, as shown by the dashed line in Fig. 1b.
When we establish a flow within the channel, Vth shifts by an
amount DV proportional to Q. This is shown in Fig. 2 for equally
spaced Q values from 0 to 200 ml min21 for a 0.1 mM NaCl
solution. The inset to Fig. 2 shows a plot of DV versus Q. The
data follow a straight line with a slope a  2.2 mV ml21 min.
Similar results were also obtained with devices fabricated using
MWNTs. Mechanisms coupling fluid flow along the tube axis to
electronic transport, such as Coulomb16 or phonon drag25, have
been proposed previously. However, we found that nanotubes
orientated perpendicular to the flow showed similar results,
ruling out these possibilities. We therefore consider a model of a
nanotube interacting with an ionic solution flowing over a
negatively charged surface, as expected for PDMS and SiO2 in
contact with an aqueous solution23,26. The charged surface
attracts positively charged ions, forming an ionic double layer.
The fluid flow drives the ions in the double layer along the
surface while a counterbalancing electric field maintains the
steady-state condition of zero net charge current, generating
the electrochemical streaming potential.
Approximating the channel geometry to be cylindrical, the
electrostatic potential drop in the channel is given by
DV ¼ 110 QRz=½heðn þ lÞm

ð1Þ
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Figure 3 Nanotube transistor threshold shift for different ionic
concentrations. Parameter a (slope of threshold voltage versus flow rate)
versus NaCl concentration. The inset shows conductance versus
counterelectrode voltage data, where a – d indicate concentrations according
to the points a – d in the main panel from which a was extracted.

To estimate the fundamental limits to flow sensing using our
technique, we assume that Johnson noise from the fluid resistance
is the ultimate limit to the sensitivity. Johnson noise introduces
thermal fluctuations dVCE to the voltage applied to the electrolytic
gate. We estimate dVCE  100 mV Hz21/2 for n ¼ 1026 M. Based
on the measured values of a, the lowest detectible flow rate in
our channel in a 1 Hz bandwidth would be Q  100 nl min21. In
our experiments, we have detected flow rates as small as
25 ml min21 with MWNT devices and somewhat larger for
SWNT devices. This is 2 – 3 orders of magnitude larger than the
fundamental limit imposed by thermodynamics. Although much
of the observed lower limit is likely due to the syringe pump and
its known stability limits, considerable improvements in intrinsic
device sensitivity may be made, for example, by using longer
nanotubes to reduce the intrinsic device noise27.
In conclusion, we have demonstrated that individual CNT
transistors can be used to probe electrokinetic phenomena and
fluid flow in microfluidic channels. We note that, in addition to
the changes of transistor threshold voltage observed here, a careful
analysis of changes in transconductance can be very interesting.
Indeed, the nanotube transconductance reflects the organization
of ions in the double layer around the nanotube. In particular,
this double layer should be directly perturbed by the flow in
the case of nanoscale channels or when working with suspended
nanotubes. Such miniaturization of fluidic channels to the
nanoscale has already been demonstrated1,3–5. Following what has
been demonstrated here in microscale channels, the incorporation
of these electrolytic transistors in nanoscale channels should yield
a novel approach for investigating electrokinetic phenomena and
fluid dynamics at the nanometre scale, where new behaviour
may emerge.
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Figure 4 Flow sensor operation. Conductance versus time for a
semiconducting nanotube device as the flow rate is stepped up sequentially
through 0, 100, 200 and 300 ml min21, and then back down sequentially
through the same values. V CE is held constant at 20.2 V. The inset shows
nanotube conductance versus flow rate, in which the device acts as a
flow sensor.

group) were also used in this study, but only data from SWNTs are included
in this report. Semiconducting nanowires could also be considered for this
experiment. However, nanotubes are particularly well suited for the task because
of their atomic regularity, chemical inertness and lack of surface oxidation.
Cr/Au source and drain contacts were used for the MWNTs and Pd/Au (ref. 29)
source and drain contacts for the SWNTs. The completed devices were covered
by a PDMS membrane (without oxygen plasma cleaning), in which a
100-mm-high, 200-mm-wide and 5-mm-long fluidic channel was defined by
replication moulding using SU-8/silicon masters made by optical lithography30.
A syringe was filled with a NaCl solution and attached to the inlet though a
capillary. The syringe was then driven by a syringe pump to inject fluid at a
well-controlled rate into the channel. We positioned the channel such that fluid
injected into it flowed directly over the nanotube devices. The entire chip was
held at an angle and the drop of liquid that collected outside the outlet was
allowed to contact a gold bonding pad, which was used as a counterelectrode.
Data to study the voltage shift were collected using a lock-in amplifier with a
bias voltage of 0.1 V and a frequency of a few kHz. We note that voltage shifts
have been observed in more than ten devices in response to flow rate. From eight
of them it was possible to estimate the parameter a (slope of voltage shift versus
flow rate) at low ionic concentration (n  1026 M). The values of a were found
to range between 1.5 and 4.5 mV ml21 min.
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