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ABSTRACT

We have fabricated high performance field-effect transistors made from semiconducting single-walled carbon nanotubes (SWNTs). Using
chemical vapor deposition to grow the tubes, annealing to improve the contacts, and an electrolyte as a gate, we obtain very high device
mobilities and transconductances. These measurements demonstrate that SWNTs are attractive for both electronic applications and for chemical
and biological sensing.

Field effect transistors (FETs) made from semiconducting
single-walled carbon nanotubes (SWNTs) have been in-
tensely investigated1-6 since they were first made in 1998.7

The reported properties of SWNT transistors have varied
widely due to variations in the quality of the nanotube
material, the device geometry, and the contacts. Optimizing
their properties is crucial for applications in both electronics
and in chemical and biological sensing. For electronic
applications, a number of parameters dictate the performance
of an FET, such as mobility and transconductance. For
sensing,8,9 the ability to work in the appropriate environment
(e.g., salty water for biological applications) is critical. Here
we report on optimized SWNT transistors where an elec-
trolyte solution is used as a gate. The high mobilities, low
contact resistances, and excellent gate coupling of these
devices yield device characteristics that significantly exceed
previous reports. They show that SWNT transistors are very
attractive for both electronics and molecular sensing.

The nanotube (NT) devices were prepared following an
approach similar to that of Kong et al.10 A completed de-
vice is shown in Figure 1a and b. Catalyst islands containing
Fe(NO3)3‚9H2O, MoO2(acac)2, and alumina nanoparticles
were defined on a 200 nm thick thermally grown oxide over
a degenerately doped Si substrate that can be used as a back
gate. Photolithography and etching were then used to pattern
a poly(methyl methacrylate) (PMMA) layer, which was
subsequently used as a lift-off mask for the catalyst. NTs
were then grown by chemical vapor deposition. Metal
electrodes consisting of Cr (5 nm) and Au (50 nm) were
then patterned over the catalyst islands using photolithog-

raphy and a lift-off process, with a spacing between source
and drain electrodes between 1 and 3 microns. The tube
diameters were determined from atomic force microscope
measurements such as the one in Figure 1b. An anneal at
600 °C for 45 min in an argon environment was used to
improve the contact resistance between the tubes and the
electrodes (typically by an order of magnitude).
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Figure 1. (a) Optical micrograph of the device. Six catalyst pads
(dark) can be seen inside area of the common electrode. Cor-
respondingly, there are six source electrodes for electrical connec-
tion to tubes. (b) AFM image of a tube between two electrodes.
The tube diameter is 1.9 nm. (c) Schematic of the electrolyte gate
measurement. A water gate voltageVwg is applied to droplet through
a silver wire.
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In the experiments reported here, we measure the con-
ductance through the tube using an electrolyte as a gate, as
schematically shown in Figure 1c. This approach was first
used by Kru¨ger et al.11 to study multiwalled NTs. A
micropipet is used to place a small (∼10-20 micron
diameter) water droplet over the nanotube device. A voltage
Vwg applied to a silver wire in the pipet is used to establish
the electrochemical potential in the electrolyte relative to the
device. For-0.9V < Vwg < 0.9 V, the leakage current
between the water and the Au electrodes/SWNT was
negligible (less than 1 nA); the electrolyte then functions as
a well-insulated liquid gate. Above this range, the electrolyte
reacts with the Au electrodes and destroys the device.

The main panels of Figure 2 show the low-bias conduc-
tanceG vsVwg for three nanotubes with increasing diameters,
where the electrolyte is 10 mM NaCl. The conductance is
large at negativeVwg, corresponding to p-type conduction
in the tube, decreasing approximately linearly to zero. It
remains near zero for a range near 0 V, and then increases
again at positiveVwg. This corresponds to n-type transport.
In the n-type region, the conductance is significantly less
than in the p-type region, particularly for smaller diameter
SWNTs. Figure 3 shows a grayscale plot of the current of
the device shown in Figure 2b as a function of bothVsd and
Vwg. The low conductance region corresponding to the band
gap of the tube is clearly seen, with p- and n-type
conductance observed at negative and positiveVwg, respec-
tively. The low-conductance region is trapezoidal in shape,
with the boundaries given by a line with slope dVsd/dVwg =
1. The device conductance diminishes exponentially in the
subthreshold (gap) region as is seen in the inset to Figure

2b. The slope of the exponential falloff gives a device
parameter known as the subthreshold swingS) - [d(logG)/
dVwg]-1, which is ∼80 mV/decade for this device. Other
devices give similar values.

Theoretically, the exponential falloff corresponds to
thermal activation of carriers in the semiconductor: G∼
exp(-Eb/kT) whereEb is the energy from the Fermi level to
the nearest of the conduction and valence bands. This barrier
height changes linearly withVwg: δEb ) eRδVwg, whereR
is a numerical constant that measures the effectiveness with
which the gate modulates the band energies. The theoretical
upper limitR ) 1 givesS) 60 mV/decade. For the device
in Figure 2b (S ) 80 mV/decade),R ) 0.75; this is the
highest value reported to date for SWNT transistors. The
constantR can be used to infer the band gap of the tube of
Figure 2b/Figure 3. From the measured width of the gap
∆Vwg ∼ 0.45V, we obtainEg ) eR∆Vwg ∼ 0.33 eV. This is
in reasonable agreement with the expected value for a 3-nm
tube obtained from the relationEg ) 0.8 eV/d [nm].12

Note that the size of the gap between n- and p-behavior
decreases with increasing the diameter of the tube, as does
the on-state conductance in n-type region compared to the
p-region. This is evident from the traces ofG vsVwg in Figure
2. The suppression of n-type transport in small diameter tubes
is consistent with previous measurements with back gated
samples, where n-type transport was observable only in
larger-diameter tubes5,13or in tubes whose contacts have been
doped n-type.14-17 This results from the fact that, under
ambient conditions, Au contacts form p-type contacts to the
tube. Depletion barriers thus form at the contacts in n-type
operation, creating a large contact resistance to the tube. This
barrier is larger the larger the band gap of the tube. As a
result of these contact issues for n-type operation, we will
concentrate our analysis on p-type operation.

The conductance change in the linear p-region for the
device in Figure 2a is dG/dVwg ∼ 1 e2/h/V. Measurements
from many other devices show similar behavior, with no
obvious correlation between dG/dVwg and the diameter of

Figure 2. ConductanceG versus water gate voltageVwg for three
tubes with lengths and diameters given by: (a)L ) 1 µm, d ) 1.1
nm, (b)L ) 1.4 µm, d ) 3 nm, and (c)L ) 2.2 µm, d ) 4.3 nm
wide. Inset to (a):G versus the back gate voltageVbg for the same
device measured in vacuum; the slope of linear regime is given by
dashed line. Inset to (b): Logarithmic scale plot showing the
exponential dependence ofG on Vwg for the same device.

Figure 3. Grayscale plot of current on a logarithmic scale versus
Vwg and Vsd for the device of Figure 2b. The band gap region is
given by the dark trapezoid at the center.
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the tube. Measurements were also done for salt concentra-
tions varying between 0.1 mM to 100 mM; no strong
dependence on the concentration was observed. For com-
parison, G versus back gate voltageVbg applied to the
substrate for the same device in operating in a vacuum is
shown in the inset, yielding dG/dVbg ∼ 0.08 e2/h/V. The
electrolyte gate is therefore∼10 times more effective in
modulating the conductance of the tube than the back gate.
The value dG/dVwg is also an order of magnitude larger than
values recently obtained using thin oxide back gates4 and
top gates.6

To quantitatively describe the transport in the p-region,
we note that, in the incoherent limit, the total resistance of
a SWNT with one subband occupied is the sum of three
contributions,R ) h/4e2 + Rc + Rt. The termh/4e2 is the
quantized contact resistance expected for a 1D system with
a 4-fold degenerate subband. In addition, imperfect contacts
to the tube can give rise to an extra contact resistanceRc.
Finally, the presence of scatters in the tube contribute a
Drude-like conductance:

whereCg′ is the capacitance per unit length of the tube,Vg

is the gate voltage (back or electrolyte),Vgo is the threshold
gate voltage at which the device begins to conduct, andµ is
the mobility. At low |Vg - Vgo|, the device resistance is
dominated by the intrinsic tube conductanceGt, which
increases linearly with increasingVg if µ is a constant. At
large|Vg - Vgo|, the device resistance saturates due to either
the contact resistances or aVg-independent tube resistance.

Using the equation forGt given above, the mobility of
carriers can be inferred if the capacitance per unit length of
the SWNT is known. For the case of vacuum operation, the
capacitance to the back gateCbg′ can be estimated from
electrostatics1 or inferred from Coulomb-blockade mea-
surements,18-20 yielding estimates from 1 to 3× 10-11 F/m.
Using a valueCbg′ ) 2 × 10-11 F/m, we obtain an inferred
mobility µ ∼ 1500 cm2/V-s for the vacuum data in Figure
2a. Figure 4 shows a histogram of the mobilities determined
from a number of different samples operating in vacuum.
Mobilities in the range of 1000 to 4000 cm2/V-s are
routinely obtained, with a few devices showing much higher
values. Also shown is the maximum on-state conductance
for the same samples. Values on the order ofe2/h are
routinely obtained, within a factor of 4 of the theoretical limit
of 4e2/h.

The high mobilities found here are comparable to the best
reported to date for CVD-grown SWNTs,3,21,22 and the
maximum conductances are significantly better than previous
reports. Both are significantly larger than the values found
in devices using bulk-synthesized SWNT tubes and
ropes.1,2,4,6,17The origin of this difference is not fully under-
stood, but defects induced by ultrasonic/chemical processing
of the tubes and/or disorder due to the presence of other tubes
(in the case of ropes) may be responsible. The mobilities
reported here are also significantly higher than those for holes
in Si MOSFETs (µ < 500 cm2/V-s), indicating that SWNTs
are remarkably high-quality semiconducting materials.

For electrolyte gating, a simple estimate of the electrostatic
capacitance between the tube and ions is given byCewg′ )
2πεεo/ln(1+2λD/d) ∼ 7 × 10-9 F/m for typical values of
the dielectric constant and Debye screening length for salty
water: ε ) 80 andλD ∼ 1 nm. This value is more than 2
orders of magnitude larger than the back gate capacitance
given above. There is an additional contribution to capaci-
tance that is relevant in this case, however. The total
capacitance, which relates the electrochemical potential
difference applied between the tube and the gate to the charge
on the tube, has both electrostatic and quantum (chemical)
components: 1/C′ ) 1/Ce′+ 1/CQ′, whereCe′ is the elec-
trostatic capacitance andCQ′ ) e2g(E), whereg(E) is the
density of states for the SWNT. For a 1D tube,g(E) is given
by

where E > Eg/2 is the energy of the electron measured
relative to the center of the band gap. The quantum
capacitance is therefore of orderCQ′ ) 4e2/πpVF ) 4 × 10-10

F/m for one subband occupied in the tube.
Note that it is thesmallerof CQ′ andCe′ that dominates

the overall capacitanceC′. For the case of back gating,Cebg′
is nearly an order of magnitude smaller thanCQ′, and
thereforeCebg′ dominates. For water gating, on the other
hand,CQ′ is an order of magnitude smaller thanCewg′ so
CQ′ dominates. In principle,CQ′ goes to zero at the subband
bottom, but thermal effects and the electrostatic capacitance
Ce′ will smear this out in the total capacitanceC′. Numerical
calculations indicate that, to a good approximation,Cwg′ ∼
4e2/πpVF except very near turn-on.

We therefore make the approximationCwg′ ∼ 4e2/πpVF,
which should be an upper bound for the true capacitance
when only one subband is occupied. We can then infer the
mobilities of the tubes under electrolyte gating; for the data

Gt )1/Rt ) Cg′|Vg-Vgo|µ/L

Figure 4. Histogram of (a) mobilities and (b) maximum conduc-
tances determined from measurements of individual SWNTs in
vacuum.

g(E) ) 4
πpVF

xE2 - (Eg/2)2

E
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in Figure 2a, this givesµ ∼ 1000 cm2/V-s. This is in good
agreement with the mobility obtained for the same device
in vacuum,µ ) 1500 cm2/V-s. This agreement implies that
(a) the mobility of the tube is not dramatically affected by
the electrolyte, and (b) the elecrolyte tube capacitance is near
the quantum capacitance. These measurements illustrate that
water-gated nanotube FETs approach the ultimate limit where
the capacitance is governed by quantum effects and not
electrostatics.

We now discuss the nonlinear transport performance
characteristics of water-gated nanotubes. Figure 5 showsI-V
curves at differentVwg values in the p-region. The current
initially rises linearly withVsd and then becomes constant in
the saturation region. The transconductance in the saturation
region,gm ) dI/dVwg, grows approximately linearly with|Vwg

- Vwgo|, as shown in the inset, reaching a value of 20µA/
V. Measurements on other samples give comparable results.
This transconductance is approximately 1 order of magnitude
larger than the highest values previously reported for SWNT
transistors.3,6

The largegm follows directly from the high mobility and
large gate capacitance found above. From standard FET
analysis,gm ) Cg′|Vg - Vgo|µ/L. Using the linear response
measurements above, this equation predicts agm of 27µA/V
at an overvoltage of 0.7 V, in reasonable agreement with
the measured value. Normalizing the transconductance to the
device width of∼3 nm givesgm/W ∼ 7 µS/nm. This is an
order of magnitude greater than the transconductance per
unit width for current-generation MOSFETs.

The results above show that nanotubes have very high
transconductances. The ultimate limit would be a ballistic
nanotube transistor with a gate capacitance given byCQ′:
gm ) 4e2/h ) 150 µA/V. The transistors reported here are
within a factor of 5-10 of this limit. Since the devices we
have studied to date are still quite long (1µm), a reduction
of the channel length to∼200 nm should approach the

ballistic limit, assuming that the contacts can be made ideal.
Experiments in our group are currently underway to achieve
this limit. The excellent device characteristics of SWNT
transistors in salty water also indicate that they may be ideal
for biosensing applications. Since a SWNT has dimensions
comparable to typical biomolecules (e.g., DNA, whose width
is approximately 2 nm), they should be capable of electrical
sensing of single biomolecules. A charged molecule near the
SWNT will act as an effective gate, changing the conduc-
tance of the tube. The large transconductances reported above
indicate that the signal from single molecules should be
readily observable.
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Figure 5. I-Vsd characteristics of the device shown in Figure 2b
at different water gate voltages ranging from-0.9 V to-0.3 V in
0.1 V steps (top to bottom). The inset shows the transconductance
gm ) dI/dVwg taken atVsd ) -0.8 V.
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