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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 SWNTSs 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 investigatéd® since they were first made in 1998.
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® 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 BIA completed de- Figure 1. (a) Optical micrograph of the device. Six catalyst pads

vice is shown in Figure 1a and b. Catalyst islands containin (dark) can be seen inside area of the common electrode. Cor-
g : y g respondingly, there are six source electrodes for electrical connec-

Fe(N03)3f9H20, MOOZ(acaC),_ and alumina nanopa_lrticles tion to tubes. (b) AFM image of a tube between two electrodes.
were defined on a 200 nm thick thermally grown oxide over The tube diameter is 1.9 nm. (c) Schematic of the electrolyte gate

a degenerately doped Si substrate that can be used as a bagkeasurement. A water gate voltadg is applied to droplet through

gate. Photolithography and etching were then used to patterr? Silver wire.

a poly(methyl methacrylate) (PMMA) layer, which was

subsequently used as a lift-off mask for the catalyst. NTs raphy and a lift-off process, with a spacing between source

were then grown by chemical vapor deposition. Metal and drain electrodes between 1 and 3 microns. The tube

electrodes consisting of Cr (5 nm) and Au (50 nm) were diameters were determined from atomic force microscope

then patterned over the catalyst islands using photolithog- measurements such as the one in Figure 1b. An anneal at
. . 600 °C for 45 min in an argon environment was used to
fggﬁgi?,pﬂﬂfﬂg?sﬁ‘;{t“"“ improve the contact resistance between the tubes and the
* University of California, Berkeley. electrodes (typically by an order of magnitude).
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0 A ; ; : Figure 3. Grayscale plot of current on a logarithmic scale versus
0.8 -0.4 0.0 0.4 0.8 Vg and Vg for the device of Figure 2b. The band gap region is
Vig (V) given by the dark trapezoid at the center.

Figure 2. Conductancés versus water gate voltagé, for three 2b. Th [ f th xponential falloff giv Vi
tubes with lengths and diameters given by: l(a&y 1 um,d = 1.1 b. e slope of the exponential falloff gives a device

nm, (b)L = 1.4xm, d = 3 nm, and (cLL = 2.24m, d = 4.3 nm parameter known as the subthreshold svérg — [d(logG)/
wide. Inset to (a):G versus the back gate voltaye, for the same dVig] ™, which is ~80 mV/decade for this device. Other
device measured in vacuum; the slope of linear regime is given by devices give similar values.

dashed line. Inset to (b): Logarithmic scale plot showing the  Theoretically, the exponential falloff corresponds to
exponential dependence Gfon Vu, for the same device. thermal activation of carriers in the semiconductor: ~G
exp(—Ey/kT) whereE, is the energy from the Fermi level to

In the experiments reported here, we measure the con-the nearest of the conduction and valence bands. This barrier
ductance through the tube using an electrolyte as a gate, asieight changes linearly withl,g: 0E, = €adVig, Wherea
schematically shown in Figure 1c. This approach was first is a numerical constant that measures the effectiveness with
used by Krger et al! to study multiwalled NTs. A which the gate modulates the band energies. The theoretical
micropipet is used to place a smah-10-20 micron upper limito. = 1 givesS= 60 mV/decade. For the device
diameter) water droplet over the nanotube device. A voltage in Figure 2b 6 = 80 mV/decade)p. = 0.75; this is the
Vg applied to a silver wire in the pipet is used to establish highest value reported to date for SWNT transistors. The
the electrochemical potential in the electrolyte relative to the constanio. can be used to infer the band gap of the tube of
device. For—0.9V < V,,4 < 0.9 V, the leakage current  Figure 2b/Figure 3. From the measured width of the gap
between the water and the Au electrodes/SWNT was AV,,4 ~ 0.45V, we obtainEy = eoAV,,y ~ 0.33 eV. This is
negligible (less than 1 nA); the electrolyte then functions as in reasonable agreement with the expected value for a 3-nm
a well-insulated liquid gate. Above this range, the electrolyte tube obtained from the relatiof; = 0.8 eV/d [nm].12
reacts with the Au electrodes and destroys the device. Note that the size of the gap between n- and p-behavior

The main panels of Figure 2 show the low-bias conduc- decreases with increasing the diameter of the tube, as does
tanceG vs V,4 for three nanotubes with increasing diameters, the on-state conductance in n-type region compared to the
where the electrolyte is 10 mM NaCl. The conductance is p-region. This is evident from the traces®Ws V.4 in Figure
large at negativé/yy, corresponding to p-type conduction 2. The suppression of n-type transport in small diameter tubes
in the tube, decreasing approximately linearly to zero. It is consistent with previous measurements with back gated
remains near zero for a range near 0 V, and then increasesamples, where n-type transport was observable only in
again at positive/,,q. This corresponds to n-type transport. larger-diameter tubé&3or in tubes whose contacts have been
In the n-type region, the conductance is significantly less doped n-typé# 1" This results from the fact that, under
than in the p-type region, particularly for smaller diameter ambient conditions, Au contacts form p-type contacts to the
SWNTs. Figure 3 shows a grayscale plot of the current of tube. Depletion barriers thus form at the contacts in n-type
the device shown in Figure 2b as a function of bgthand operation, creating a large contact resistance to the tube. This
Vug. The low conductance region corresponding to the band barrier is larger the larger the band gap of the tube. As a
gap of the tube is clearly seen, with p- and n-type result of these contact issues for n-type operation, we will
conductance observed at negative and poslig respec- concentrate our analysis on p-type operation.
tively. The low-conductance region is trapezoidal in shape, The conductance change in the linear p-region for the
with the boundaries given by a line with slop¥sddVi,g = device in Figure 2a is@dVyy ~ 1 €?/h/V. Measurements
1. The device conductance diminishes exponentially in the from many other devices show similar behavior, with no
subthreshold (gap) region as is seen in the inset to Figureobvious correlation betweenGddV,,y and the diameter of
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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 voltagé,, applied to the
substrate for the same device in operating in a vacuum is
shown in the inset, yielding @dVy,y ~ 0.08 €/h/V. The
electrolyte gate is therefore10 times more effective in
modulating the conductance of the tube than the back gate.
The value &/dV, is also an order of magnitude larger than
values recently obtained using thin oxide back ¢fatexl 3 1
top gate$.

To quantitatively describe the transport in the p-region,
we note that, in the incoherent limit, the total resistance of 11
a SWNT with one subband occupied is the sum of three ] _
contributions,R = h/4€> + R. + R. The termh/4€? is the 00 02 04 08 08 10 12 14
quantized contact resistance expected for a 1D system with G (e%h)

a 4-fold degenerafce su_bband. In addition, imperfef:t contactsFi re 4. Histoaram of (a) mobilities an maximum conduc-
to_ the tube can give rise to an eXt_ra contact reS'St&ce taggee; detersm?r?e?j fr?)rrga%we:sbure(ra:eﬁt: (()?)ind?vidugl SCVC\)II\?'IEI; in
Finally, the presence of scatters in the tube contribute ayacyum.

Drude-like conductance:

2,000 4,000 6,000 20,000 22000

(b)]

Number of Devices

G =LIR,= C, |V~ VolulL For glectrolyte gating, a simple esti_mate_ of t_he electrostatic
capacitance between the tube and ions is giveilChy =

whereCy is the capacitance per unit length of the tullg, ~ 27€€d/IN(1+24o/d) ~ 7 x 10°° F/m for typical values of
is the gate voltage (back or electrolyt¥), is the threshold the dielectric constant and Debyg screening length for salty
gate voltage at which the device begins to conduct,aisd ~ Water: € = 80 andlp ~ 1 nm This value is more than 2
the mobility. At low [Vy — V|, the device resistance is orders of magnitude larger than the back gate capacitance
dominated by the intrinsic tube conductanGg which given aboveThere is an additional contribution to capaci-
increases linearly with increasing if « is a constant, At~ tance that is relevant in this case, however. The total
large|Vy — Vgol, the device resistance saturates due to either cgpacnance, WhICh relates the electrochemical potential
the contact resistances oNgindependent tube resistance. difference applied between the tube and the gate to the charge
Using the equation fos; given above, the mobility of ~ ON the tube, has both electrostatic and quantum (chemical)
carriers can be inferred if the capacitance per unit length of COmponents: T’ = 1/Ce'+' 1Cq, whereCe' is the elec-
the SWNT is known. For the case of vacuum operation, the {rostatic capacitance arnty' = e’g(E), whereg(E) is the
capacitance to the back ga@, can be estimated from density of states for the SWNT. For a 1D tulgéE) is given
electrostatics or inferred from Coulomb-blockade mea- DY
surementd®20 yielding estimates from 1to 8 10" 1* F/m.

Using a valueC,y = 2 x 10711 F/m, we obtain an inferred [E2 — (E /oY
mobility 4 ~ 1500 cn#/V —s for the vacuum data in Figure g(E) = m:: E(Egl )
Uk

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 é—s are whereE > Ey/2 is the energy of the electron measured
routinely obtained, with a few devices showing much higher relative to the center of the band gap. The quantum
values. Also shown is the maximum on-state conductancecapacitance is therefore of ordeg’ = 4e’/hvr = 4 x 10710
for the same samples. Values on the orderetth are F/m for one subband occupied in the tube.
routinely obtained, within a factor of 4 of the theoretical limit Note that it is thesmallerof Cq' andC,' that dominates
of 4¢e?/h. the overall capacitand@'. For the case of back gatinGeng

The high mobilities found here are comparable to the bestis nearly an order of magnitude smaller th&g', and
reported to date for CVD-grown SWNP8:22 and the thereforeCepy dominates. For water gating, on the other
maximum conductances are significantly better than previoushand,Cq' is an order of magnitude smaller th&h,g Sso
reports. Both are significantly larger than the values found Cg' dominates. In principleCq’ goes to zero at the subband
in devices using bulk-synthesized SWNT tubes and bottom, but thermal effects and the electrostatic capacitance
ropest24617The origin of this difference is not fully under-  C¢ will smear this out in the total capacitanGe Numerical
stood, but defects induced by ultrasonic/chemical processingcalculations indicate that, to a good approximatiGpg ~
of the tubes and/or disorder due to the presence of other tubedle’/ mhur except very near turn-on.
(in the case of ropes) may be responsible. The mobilites We therefore make the approximati@hy ~ 4€*/mhur,
reported here are also significantly higher than those for holeswhich should be an upper bound for the true capacitance
in Si MOSFETs g < 500 cn#/V—s), indicating that SWNTs  when only one subband is occupied. We can then infer the
are remarkably high-quality semiconducting materials. mobilities of the tubes under electrolyte gating; for the data
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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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