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arbon-nanotube-based electronics offers significant

potential as a nanoscale alternative to silicon-based

devices for molecular electronics technologies. Here, we
show evidence for a dramatic electrical switching behaviour in
a Y-junction carbon-nanotube'” morphology. We observe an
abrupt modulation of the current from an on- to an off-state,
presumably mediated by defects and the topology of the
junction. The mutual interaction of the electron currents* in
the three branches of the Y-junction is shown to be the basis for
a potentially new logic device. This is the first time that such
switching and logic functionalities have been experimentally
demonstrated in Y-junction nanotubes without the need
for an external gate. A class of nanoelectronic architecture
and functionality, which extends well beyond conventional
field-effect transistor technologies™®, is now possible.

So far, the elucidation of fundamental properties of nanotubes
and nanowires”™® and their applicability for electrical devices
has mainly focused on adopting the metal-oxide-semiconductor
field-effect transistor paradigm'"™", where a nanotube serves as
the channel between lithographically fabricated electrodes (namely,
source and drain), and an electrically insulated gate modulates
the channel conductance. In other demonstrations, cumbersome
atomic force microscope manipulations' of nanotube properties
have been used. To realize a truly nanoelectronic architecture, it
is desirable to have a fully integrated nanotube-based technology,
where both devices and interconnects are based on carbon
nanotubes (CNTs). Further, it would be attractive in proposing new
nanoelectronic elements to harness new functionalities peculiar
to novel CNT forms, such as Y-junctions. Here, we focus on
the electrical measurements on a particular multiwalled CNT
(MWNT) morphology—the Y-junction—which is grown by a
modified chemical vapour deposition (CVD) process'>. We have
observed unique switching behaviour and the promise of using this
element as a new type of logic device.

It was derived theoretically* and proved experimentally’® in
lithographically patterned two-dimensional electron gases that the
ballistic nature of the electron transport and electron—electron
interactions in Y-shaped nanostructures result in nonlinear
current (I)—voltage (V) characteristics and novel device paradigms™".
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Current modulation in these structures involves new principles of
electron momentum engineering in contrast to the well-known
band engineering. An advantage of this approach, over a
conventional field-effect transistor, is that the current is only
switched between two outputs rather than completely turned
on/off'®", which leads to higher speed and efficiency of operation.
Y-junction nanotubes provide a more natural and truly nanoscale
alternative avenue to explore this switching behaviour. Branching
in nanotubes necessitates the presence of topological defects, to
satisfy the local bond order, at the junction region for maintaining
a low-energy configuration for the carbon atoms®. Further, there
is the inevitable presence of metal catalyst particles introduced
at the junction during synthesis”. The delocalization of the
electrons over these defects leads to a net charge that acts as a
localized scattering centre for modulating the electron-transport
characteristics. The consequent gating action from the junction
could be responsible for a variety of nonlinear behaviours,
which could be exploited for novel applications®”*! including
(a) switching and transistor action, (b) logic gates and (c) higher
harmonic-frequency generation.

Although existing theoretical work is mostly focused on
single-walled nanotubes, similar principles”, namely (i) the
formation of an asymmetric scattering centre/quantum dot'® at
the junction (Fig. 1a), (ii) finite length of the stem and branches
connected to metallic leads, (iii) asymmetry of the bias applied/the
potential profile” across the nanotube and (iv) the Schottky barrier
at the nanotube-contact metal leads*, would again be important
in completely determining the electrical characteristics of the
Y-junction devices.

The CNT Y-junctions (Fig. 1b) were grown on bare quartz or
SiO,/Si substrates through thermal CVD using a carbon feedstock
mixture of ferrocene and xylene together with Ti containing
precursor gases. The branching, for Y-junction formation, can be
introduced at will through the introduction of the Ti precursor. For
further details on the growth mechanism and processes, see ref. 15.

The samples for electrical measurements were prepared by
suspending the nanotube Y-junctions in ethanol and depositing
them on a SiO,/Si substrate with patterned Au pads (Fig. lc).
Y-junctions, in proximity to the Au contact pads, were then located
using a scanning electron microscope (SEM, model FEI Strata
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Figure 1 The CNT Y-junction morphology and experimental arrangement for
measuring transport properties. a, The Y-junction can be used as a prototypical
nanoelectronic element for a variety of functions such as switching or as a quantum
dot, depending on the transmission characteristics of the constituent branches.

L, Rand C refer to the left, right and central/stem branches of a Y-junction.

b, A transmission electron microscope (JEOL 3010) image of a typical MWNT
Y-junction used in the present measurements. The FeTi catalyst particles formed in
the CVD growth along with the presence of topological defects at the junction region
can influence the electrical transport characteristics. ¢, An SEM micrograph of the
overall circuit arrangement used in the measurement of the electrical
characteristics, with Au contact pads and an FIB-patterned Pt wire contacting the Au
pads and the Y-junction. A configuration is shown where a control d.c. voltage is
applied on the stem (terminal 1) of the Y-junction, and the current flow through the
other two branches in response to a constant a.c. bias voltage (~ V) is monitored.
Similarly, control voltages can be applied on branches 2 and 3 for characterizing the
Y-junction in detail.
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Figure 2 Current (/)-voltage (V) characteristics of a Y-junction. A constant

d.c. voltage is applied on the stem (1 in Fig. 1b), while the current in branch 2 is
monitored as a function of applied voltage (from top to bottom: 0 V; —1V; —2V;
—3V; —4V; —5V). The gating action of the voltage and the asymmetric response?
should be noted.

235 M dual beam) equipped with a focused ion beam (FIB).
The sample was scanned at 5 kV to locate the Y-junctions, which
results in minimal damage®* to the nanotubes. The ion-beam
in the FIB-SEM was then used to deposit the Pt lead wires that
connect the terminals of the Y-junction to the contact pads (Fig. 1c
inset)”. Special care® was taken to not expose the nanotubes to
the ion-beam to prevent radiation damage. A Wentworth probe
station, with needle contacts®, was used to apply the voltages and
measure currents.

The electrical transport properties of the Y-junctions were
probed through both two- and three-terminal phase-sensitive
lock-in amplifier measurements in air, at room temperature, in
the dark. There was little difference in the I—V characteristics
between air and vacuum, and a negligible transient response to
white light illumination®. The resistances measured in d.c. were
checked to be in accordance with the lock-in measurements. By
successively grounding each branch of the Y-junction, we were able
to probe the intra-branch (that is, 1, 2 and 3) and inter-branch
(that is, 1-2, 1-3 and 2-3) resistances. If it is assumed that the
ohmic contact resistance for all three branches of the Y-junction
is identical, this measurement can identify the individual branch’s
transport characteristics. (It was not possible to determine all four
parameters R, R,, R; and the contact resistance with three-terminal
measurements.) We tested around five samples and obtained
reproducible results. When measured pair-wise (that is, 1-2, 1-3
and 2-3) we observe ohmic behaviour, with resistances in the
range of 100—400 k2. Although MWNTs are expected to have
a resistance smaller than around 13 kQ (h/2¢?* where h is the
Planck constant and e the electron charge) ideal ohmic contacts
through metal evaporation were difficult to achieve. However,
reproducible I—V characteristics on a large number of samples
would imply that the observed behaviour is intrinsic to the
Y-junctions. High-temperature thermal annealing was successful
in reducing the contact resistance by an order of magnitude,
with similar switching behaviour, and is a possible solution to
achieving low-resistance contacts in the future. However, local
electron exposure®® onto the CNT-ohmic contact did not affect the
contact resistance significantly.

The gating action of the stem (1 in Fig. 1b) on the I—V
characteristics of the branches in the Y-junction (2 and 3 in
Fig. 1b) is illustrated in Fig. 2. The asymmetric behaviour,
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Figure 3 Observation of near-perfect electrical switching in Y-junctions.

An abrupt modulation of the electrical current through two branches of the
Y-junction is seen on varying the d.c. bias voltage on the third branch. a, The voltage
at which the switching action occurs is ~4.6 V on the stem. b, The switching on
both of the branches occurs at ~2 V. The disparate voltage values could be related
to the character, diameter, defects and so on, of the constituents (branch/stem) of
the Y-junction.

where I(+V) £ I(—V), had been theoretically predicted earlier”
and this is the first time that the effect of a gate voltage has
been experimentally demonstrated. On the basis of these results,
we explored the possibility of using the CNT Y-junctions for
switching applications, as an electrical inverter, analogous to
earlier'®'” Y-branch switch studies in lithographically patterned
two-dimensional electron gases. In our measurements, a control
d.c. voltage was swept on one terminal of the Y-junction and
the current through the other two terminals probed under a
fixed a.c. bias ranging from 0.1 to 1.0 V. As the d.c. voltage is
increased, at a certain point the Y-junction goes from nominally
conducting to a pinched-off state (Fig. 3). This switching behaviour
was observed for all three terminals of the Y-junction, at varying
d.c. bias voltages, in different samples. For example, the channel
is pinched-off when ~4.6 V is applied to the stem (Fig. 3a), to
lower than the ~2 V (Fig. 3b) needed to observe the pinch-off
when the control voltage is applied to the branches (2 and 3).
The switching behaviour was seen over a wide range of frequencies
(Fig. 4), with an upper limit of around 57 kHz being set by the
capacitive response of the Y-junction, when the current tends to
zero. The transconductance (dI/dVy,.) of the Y-junction devices is
around 107° A V™', which compares well to a single-walled CNT
channel transistor (1078 A V™) (ref. 12).
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Figure 4 Frequency response of the switching characteristic in the Y-junction.
In a, the control voltage is applied on the stem (1) of the Y-junction while the current,
under an a.c. bias, is monitored across the other two terminals of the Y-junction.

In b and ¢, a control d.c. voltage is applied on branches 2 and 3. The magnitudes of
the current differ owing to the different resistances of the Y-junction constituents.

As the bias voltage applied to our MWNT Y-junction is
substantial, it is expected that many walls of the MWNT would
contribute' to the electronic conduction. The presence of catalyst
nanoparticles (see Fig. 1b) in the conduction paths would blockade
current flow, and their charging could account for the abrupt
drop-off of the current. The exact magnitude of the switching
voltage would then be related to the exact size of the nanoparticle.
This suggests the possibility of nano-engineering the Y-junction
to get a variety of switching behaviours. An alternative possibility
is that there is inter-mixing of the currents in the Y-junction,
where the electron transmission is abruptly cut off owing to
the compensation of currents, for example, the current through
branches 2 and 3 is cancelled by current leakage through stem 1.

©2005 Nature Publishing Group



ﬂ 6
44 .
=7'/
2 /';
— "
s - "
;; 0 ././-/ /l///
/ 1 |
o] T
A a
-4 -
- 0
_6 T T T T T %
-6 -4 -2 0 2 4 6
Vcnmml (V) a
Voranen = +2.5V (1), Vegpyr =+ (1) h==+(1)
Voraneh = +2:5V (1), Vogpg == (0 1, ==(0)
n 6
1 m
4] B 2
o
N ././ . 3.
/ /./ . 4
1 | /
./I - 6.
-2 o
e 7
-4 :7 8.
_6 T T T T T T T T T T T 9
-6 -4 -2 0 2 4 6 o
Vcomrol (V) ’
Voranen ==2.5V(0), Vg = + (1) =+ 0r1) !
Vbranch =-25V(0), chmml =-(0) Vb =-(0) 12.
13
14.
Figure 5 The CNT Y-junction for logic applications. The continuity of the s
electrochemical potential from one branch of the CNT Y-junction to another (see the ’
text) could be used for the basis for a prototypical logic device. A constant voltage 16.
(positive in a and negative in b) is applied on one branch ( Vyane), and the voltage 17,
monitored across the second branch (14,), while a control d.c. voltage (Vo) iS
18.

swept across the third branch of the Y-junction. The two lines (green and black) refer
to the possible permutations of the voltages applied on the two branches (2and 3in 1
Fig. 1b). The inter-mixing of the currents between the three branches could be

20.
responsible for the partial realization of an AND gate.

21

22
Further research is needed to clarify the exact mechanisms in these  23.
interesting phenomena. o

When finite voltages are applied to the left and the right

branches of a Y-junction, in a push-pull fashion (that is, >

Viett = — Viigne OF vice versa), the voltage output at the stem would

have the same sign as the terminal with the lower voltage!. 2
This dependence follows from the principle of continuity of

hd

©

In a naturally formed CNT-based Y-junction, as is the case here,
the distinction between stem and branch is not very clear. The
deviation from the realization of a perfect AND gate could then
be due to inter-mixing between the conduction channels and the
currents from the three branches of the Y-junction.

We wish to emphasize that this is the first time that such

an abrupt electrical switching behaviour has been seen in CNT
Y-junctions. Before this work, only diode-like behaviour™ has
been observed. Through this work, we are enabling and adding

new functionality to nanotube electronics, that is, switching,

making an overall CNT-based nanoelectronic architecture more
complete and feasible. The detailed nature of the abrupt electrical
switching behaviour is not completely understood but can be

fertile ground for future research, for example, in defect

engineering where one can intentionally modify, mechanically or
chemically, the paths of electronic conduction in the Y-junction.
Received 16 March 2005; accepted 8 June 2005; published 14 August 2005.
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logic gate, that is, when either of the branch voltages is negative
Acknowledgements

(say, corresponding to a logic state of 0), the voltage at the stem
is negative and positive voltage (logic state of 1) at the stem is
obtained only when both the branches are at positive biases. We
report the results of our measurements in Fig. 5, where a constant
voltage (positive/negative) is imposed on one branch, while the
voltage across the other branch (V1) is swept from —5 to +5 V,
and the output voltage from the third branch (V;,) is monitored.

666

P.R.B. acknowledges useful discussions with M. Di Ventra and J. Lagerkvist. We also thank graduate
students N. Gothard and J. Gaillard for synthesizing the Y-junction nanotubes, and P. Yu who set up
the LabView programs for data acquisition. We acknowledge the support of the work by NSF-NIRTs
under Grant numbers DMI-0210559, DMI-0303790, DMI-0304019 and University of California
Discovery Fund under Grant No. ele02-10133/Jin.

Correspondence and requests for materials should be addressed to P.R.B.

Competing financial interests
The authors declare that they have no competing financial interests.

nature materials | VOL 4 | SEPTEMBER 2005 | www.nature.com/naturematerials

©2005 Nature Publishing Group




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e005000470020005000520049004e005400200050004400460020004a006f00620020004f007000740069006f006e0073002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003300200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


