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ABSTRACT

Commercial fabrication of field-effect transistors (FETS) using carbon nanotubes has been hindered as all current production procedures yield
a mixture of metallic and semiconducting tubes. Herein, we present a generic approach utilizing electrochemistry for selective covalent
modification of metallic nanotubes, resulting in exclusive electrical transport through the unmodified semiconducting tubes. Toward this goal,
the semiconducting tubes are rendered nonconductive by application of an appropriate gate voltage prior to the electrochemical modification.
The FETSs fabricated in this manner display good hole mobilities and a ratio approaching 10° between the current in the ON and OFF state.

Single-wall carbon nanotubes (SWNTs) are prospective physisorption properties® or the capability to undergo
components of nanoscale and molecular electronic deVices. charge-transfer reactiofispr the different dielectric con-
For instance, field-effect transistors (FETS) have been stantd of the two types of SWNTs. However, in all of these
successfully fabricated from single semiconducting SWRTs. cases no quantitative separation could be achieved. The other
The overall performance of SWNAFETS has been reported approach utilizes the fact that the semiconducting SWNTs
to be superior to that of state-of-the-art silicon based can be turned to the insulating (OFF) state via application
MOSFETS, as reflected in the values of the drive current of a gate voltage. By ramping the drain-source voltage to
and transconductance being higher by a factor of four. sufficiently high potentials under the presence of oxygen, it
Moreover, devices implementing CVD-grown SWNTs have is possible to burn off the metallic nanotubésThis
shown extremely high hole mobilitieef up to 9000 cri/ destructive approach, which has until now successfully been
Vs. With palladium as the electrode material, Schottky applied to individual SWNT bundles, has the disadvantage
barrier-free ballistic FETshave recently been realized, that the Joule heat produced in the metallic nanotubes may
exhibiting high drive currents, good transconductance, and affect adjacent semiconducting tubes.
switching ratios of 16 Here we present a novel method to fabricate SWNT-FETs
In contrast to the remarkable achievements made with in a generic manner, which extends the scope of the second
devices based upon individual SWNTSs, the use of nanotubesapproach. Specifically, electrochemical modification (EE€M)
in large-scale electronics is still facing severe limitations, is used to eliminate the current carrying capability of the
which arise from the fact that all fabrication procedures metallic SWNTSs within an ensemble. This task is performed
developed to date yield mixtures of metallic and semicon- by electrochemically generating reactive phenyl radicals that
ducting tubes. In addition, the SWNTs produced by bulk are able to covalently attach in high densities to the nanotube
methods such as the arc discharge or HiPCO (high pressuresidewall, resulting in an increase in resistance by several
pyrolysis of carbon monoxide) process are entangled in orders of magnitud& On this basis, selective reaction at
bundles. As a consequence, the electrical transport throughthe metallic tubes can be achieved after gate-induced
such SWNT ensembles is usually dominated by metallic switching of the semiconducting tubes to the OFF state,
pathways, and therefore only weak electric field effects on yielding a purely semiconducting SWNT channel between
the conductance are attainable. For the goal of fabricatingsource and drain electrodes. The major advantage of the
nanotube FETs, two strategies have been followed to electrochemical approach is the creation of a coupling species
overcome this problem. First, various solution-based tech- directly at the surface of the conducting tubes, which enables
nigues have been devised to separate metallic nanotubes from highly localized functionalization.
semiconducting ones, which rely upon differences in the SWNTs produced by the HIPCO process (Tubes@Rice,
Lexington) were dispersed in a surfactant solution and
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molecules® To selectively modify the metallic tubes by
ECM, advantage has been taken of the hysteresis in the gate
dependence in the following manner. After sweeping the gate
potential to a positive value>( +20 V) and returning to
zero, devices comprising semiconducting SWNTs were found
to remain in the conducting or ON state. Similarly, the
devices could be switched to the OFF state by sweeping the
gate voltage to a negative valug (-20V) and going back

to zero. The stability of the ON or OFF state was found to
be of the order of 10 to 15 min, sufficient to perform ECM
with the semiconducting tubes in the OFF state without the
need for in-situ gate control.

(b)

100 To optimize the parameters of the ECM (for example, the
) concentration of the diazonium salt, the magnitude and
= 10 duration of the applied potential) with respect to maximal
9 preservation of the semiconducting nanotubes, control studies
S were initially carried out with pure semiconducting and pure
D 01 metallic tubes after gate tuning. It is noteworthy that in order
3 . .
g \‘ L_) to obtain reproducible results, the samples were heated at
o 001 100°C for 2 h immediately after ECM, to ensure removal
© of physisorbed solvent molecules. The applicatior-@80

183 mV vs platinum for 30 s in a 10 mM 4-nitrobenzene

1E-4 diazonium salt solution iN,N-dimethylformamide (DMF),

-10 -5 0 5 10 with 0.1 M lithium perchlorate as background electrolyte was

Gate Voltage [V] found to cause only minor changes in the conductance of an
individual semiconducting nanotube in the OFF state, as
experiments. The image shows two electrodesuiowide and demonstrated by Figure 2a. Here the blacl_< curve is the initial
separated by-1.4um contacted with a number of SWNT bundles. 9até dependence of conductance, while the red curve
(b) Gate dependence of conductance for a pure metallic SWNT corresponds to the gate dependence after ECM in the OFF
bundle (dotted line) and for a purely semiconducting SWNT (solid state. On the contrary, after subjecting the same semicon-
"?e)t’ gqetatshure‘j 'att VOO’E tdem;:re]rt?]ture.l.ghe glate ‘:jo'tf‘ge Sga”t ;’Iza%ucting SWNT in the ON state to ECM (blue line in Figure
started at the point marked with the solid circle and stopped at the -
point marked F\3vi’[h the solid square. A drain source voﬁgggg)(v 2a), the conductance reduced by four orders Of, magnitude
of 1 mV was used for measuring the conductance of the metallic for all gate voltages. To test whether the metallic SWNTSs
SWNT and 100 mV for the semiconducting SWNT. are indeed modified under the OFF state conditions of the
semiconducting tubes, the same parameters were applied to

thick layer of thermally grown silicon dioxide, followed by @ Purély metallic SWNT bundle. In general, the modified
deposition of 15 nm thick AuPd electrodes witrl.4 um metallic tubes showed a strong increase in resistance, as
separation on top of the tubes through electron beam exemplified in Figure 2b where the conductance is seen to
lithography. An atomic force microscope (AFM) image of drop down by four orders of magnitude.

one of the investigated samples is displayed in Figure 1a. The same methodology was then applied to ensembles of
The density of tubes was chosen such that between 1 andSWNTs containing a mixture of both metallic and semicon-
10 individual tubes or thin bundles connected the two ducting SWNTs. For this purpose a single contacted bundle
electrodes. The samples can be classified into three categoriegvas taken. This bundle displayed a weak gate dependence
according to their electrical transport properties. In the first of conductance, as apparent from Figure 3 (black curve).
type, almost no gate dependence of conductance wasAfter ECM in the OFF state, the bundle thickness was found
observed (see Figure 1b, dotted curve), indicating the to be slightly increased, which results from the formation of
presence of exclusively metallic tubes, while in a second a molecular coating due to polymerization of the electro-
set of samples a strong gate dependence of conductance afhemically generated phenyl radicals at the SWNT/electrolyte
at least 4 orders of magnitude was detected (see Figure 1binterface!? Most strikingly, the gate dependence of conduc-
solid curve), representative of transport through purely tance of the modified bundle (shown by the red line in Figure
semiconducting tubes. A third set of samples displayed a 3) displays a significant increase in the ON to OFF ratio
weak gate dependence of conductance due to the presencitom 3 before modification te-10° afterward. The shape of

of a mixture of both metallic and semiconducting tubes in the curve after ECM, as well as the magnitude of the ON
the ensemble. Most of the measurements have been carriedurrent, are comparable to those of the individual semicon-
out under ambient conditions and hence display a strongducting SWNT shown in Figure 2b, indicating that the
hysteresis, which has been attributed to oxygen-related chargeontribution of the metallic SWNTS to the transport has been
traps either in the Si©dielectri® or very close to the  completely suppressed and the device now acts as a purely
nanotubé!Sor to the presence of Sj@urface-bound water ~ semiconducting FET.

Figure 1. (a) AFM phase image of a typical sample used in the
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Figure 3. Creation of an FET through selective ECM: Room-
temperature gate dependence curves of the sample before ECM
(black curve) showing a weak gate dependence (ON/OFF ratio) of
3, indicating the presence of both metallic and semiconducting
SWNTs in the bundle. The red curve is obtained after OFF state
ECM and the device now exhibits a switching ratio ofx81CP.

Vgs was 10 mV before ECM and 50 mV after ECM.

in other device$§!® The hole mobility, determined by
assuming the classical FET modeis found to be~1000
cn?/Vs at room temperature for the ECM-based FETSs,
whereas the best device fabricé&teging single nanotubes
showed a mobility of 9000 c#Vs. The higher mobility in

the latter case is suggestive of the superior structural quality
of SWNTSs grown from solid-supported catalyst particles via

Figure 2. Room-temperature gate dependence curves of (a) a purechemical vapor deposition (CVD).

semiconducting SWNT: initial (black line), after OFF state ECM
(red line) and after ON state ECM (blue line); (b) a metallic SWNT
bundle: initial (black) and after OFF state ECM (red). The curves
signify that the semiconducting SWNTSs are unaffected when ECM
is performed after switching the device to the OFF state while the
metallic SWNTs are modifiable under the same conditions. The
parameters of the ECM were:280 mV vs Pt for 30 s in 10 mM
nitrobenzenediazonium tetrafluoroborates Was 100 mV in (a)
and 1 mV before ECM and 100 mV after ECM in (b).

As it has recently been reported that aromatic diazonium

salts in aqueous solutions react selectively with metallic tubes

under certain condition, control experiments have been
performed by exposing individual metallic and semiconduct-
ing SWNTSs to the diazonium salt separately in DMF and in
water for up to 15 h without applying a potential. This was
followed by heating the sample to 10CQ for 2 h, again to

In conclusion, we have presented a generic fabrication

route for SWNT-FETs which combines electrochemistry and
gate-induced modulation of conductivity. It was demonstrated
that the modification of semiconducting tubes can be enabled
or blocked by varying the history of the gate potential scans
before performing electrochemistry. In this manner, the con-
duction through the metallic nanotubes in a SWNT ensemble
can selectively be eliminated, resulting in high-performance
FETSs. In particular, the ECM-based method appears promis-
ing to improve the performance of existing FETs consisting
of SWNT networks, which display poor switching ratios due
to the coexistence of metallic and semiconducting tdbés.
An important future goal is to eliminate the hysteresis as a
serious parasitic effect. One possibility to achieve this may
be annealing of the samples in vacuum, followed by covering
them with a capping layee?*

remove physisorbed solvent molecules. Under these condi-
tions, no changes in conductance could be observed for bothReferences

types of tubes.

Although the present FETSs likely contain more than one
electrically active semiconducting tube, it is instructive to
compare their device characteristics with those of single-
nanotube FETs. While the former exhibit a room-temperature
transconductance of10 S/cm, values of up to 23 S/éfn
are documented for the best single-tube FET until now. This
difference can largely be attributed to the compact architec-
ture of the latter devices, wherein a very thin gate oxide of
~15 nm has been utilized. The switching ratio obtained in
our devices is of the order of $Gsimilar to ratios obtained
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