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Y-junction carbon nanotubes
B. C. Satishkumar, P. John Thomas, A. Govindaraj, and C. N. R. Raoa)

Chemistry and Physics of Materials Unit and CSIR Centre of Excellence in Chemistry, Jawaharlal Nehru
Centre for Advanced Scientific Research, Jakkur P.O., Bangalore 560 064, India

~Received 11 July 2000; accepted for publication 28 August 2000!

Carbon nanotubes with junctions are considered to be of potential value in nanoelectronics. A
simple pyrolysis procedure for producingY-junction carbon nanotubes is described. The method
involves the pyrolysis of the organometallic precursor, nickelocene, along with thiophene at 1273 K.
Tunneling conductance measurements showed that at theY junction, theI -V characteristics are
asymmetric with respect to zero bias as in a junction diode. ©2000 American Institute of Physics.
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The possible use of carbon nanotubes in nanoelectro
has aroused considerable expectations. For such applica
it is important to be able to connect the nanotubes of diff
ent diameters and chirality.1–5 The complex three-poin
nanotube junctions have been proposed as the buil
blocks of nanoelectronics. For this purpose,Y and T junc-
tions have been considered as prototypes. TheY- andT-type
junctions appear to defy the conventional models in favor
an equal number of five- and seven-membered rings to cr
nanotube junctions. It has been suggested thatY junctions
can be created with an equal number of five- and eig
membered rings.6 To date, there have been no practical d
vices made of real nanotube junctions, although juncti
consisting of crossed nanotubes have been fabricate
study their characteristics.7 The only report of synthesis o
Y-junction nanotubes has made use ofY-shaped nanochan
nel alumina templates, in which small quantities of cob
particles were electrochemically deposited; the nanotu
were then formed in the channels by the pyrolysis of ace
lene, after the reduction of the catalyst.8 By this means,
Y-junction nanotubes of 15–100-nm-diam and microme
lengths were produced. We have been able to prod
Y-junction carbon nanotubes in good quantities, by carry
out the pyrolysis of an organometallic precursor along w
thiophene. It may be recalled that the pyrolysis of a hyd
carbon in mixture with thiophene over nickel particles yiel
coiled carbon nanofibers and nanotubes with knees
shoulders.9,10 The Y-junction nanotubes so produced sho
interestingI -V characteristics.

The experimental setup employed by us for the synth
of theY-junction carbon nanotubes consists of stainless s
gas flow lines and a two-stage furnace system fitted wit
quartz tube~10 mm inner diameter!, as shown in Fig. 1. The
flow rates of gases were controlled using UNIT mass fl
controllers. A known quantity (;100 mg) of the nickelocene
~Sigma Aldrich! was taken in a quartz boat and placed at o
end of a quartz tube, such that the nickelocene boat
located in the first furnace. The temperature of this furn
was raised to 623 K at a controlled heating ra
(;10°/min). Argon gas was passed through the quartz t
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at a desired flow rate. Hydrogen was bubbled at the sa
time through thiophene and these vapors along with nick
ocene vapors were introduced into the pyrolysis zone of
second furnace maintained at 1273 K. The flow rates
argon and hydrogen were 240 and 10 sccm, respecti
(sccm5standard cubic centimeter per minute!. Carbon de-
posits accumulated at the inlet and outlet ends of the sec
furnace. These deposits were removed and examined
transmission electron microscopy~TEM! with a JEOL JEM-
3010 microscope operating at 300 kV.

TEM observations show that the deposits at the inlet e
of the second furnace in Fig. 1 contained little of carbon, a
had mainly metal-encapsulated graphite nanoparticles.
carbon deposits at the outlet, however, consisted of car
nanotubes, a large majority of which hadY junctions. In Fig.
2~a!, we show the TEM image of a typicalY-junction carbon
nanotube. This is a multi-walled carbon nanotube with
inner diameter of 8 nm and an outer diameter of 40 nm. T
angle enclosed between the upper arms of theY-junction
nanotube is close to 90°. In the clockwise direction, t
angles enclosed between the other pair of theY-junction
arms are 120° and 150°. The TEM image of anoth
Y-junction nanotube with an outer diameter of 50 nm
shown in Fig. 2~b!. The enclosed angles in all three arms
Y junction are 120° each. At the bottom of theY junction we
see the beginnings of anotherY junction ;500 nm from the
top one. This image shows how multipleY junctions can
exist, suggesting possible multiple tunnel devices on a sin
carbon nanotube.6

A TEM image revealing the presence of seve
Y-junction carbon nanotubes is shown in Fig. 2~c!. Many of
the nanotubes possess multipleY junctions as can be see
from the TEM image in Fig. 2~d!. The occurrence ofY junc-
tions in the carbon nanotubes prepared by the pyroly
method employed by us was common, the yield of su
structures in typical preparations being of the order of 70
While nickelocene acts as the common source for catal
nickel nanoparticles as well as carbon, the role of thioph
impurity appears to go beyond yielding unusual graph
morphologies. A high resolution transmission electron m
croscope image taken at theY junction in a nanotube is
shown in Fig. 3. The image shows the fishbone-type stack
of the graphene sheets, followed by a hollow in the cen
il:
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FIG. 1. Pyrolysis setup for the synthesis of carbo
nanotube Y junctions employing nickelocene an
thiophene.
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FIG. 2. TEM images of~a! a typical Y-junction carbon nanotube,~b! a
Y-junction nanotube showing the beginning of anotherY junction; ~c! sev-
eral nanotubes withY junctions and~d! a nanotube with multipleY junc-
tions along the length.

FIG. 3. HREM image of aY junction showing the fishbone-type stacking
graphene sheets (d(002);3.4 Å).
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The interlayer separation is;3.4 Å, indicative of graphitic
stacking.

Tunneling conductance measurements were carried
by positioning the tip atop aY junction ~the point of contact
between the three arms! as well as on the individual arms o
the Y-junction nanotubes. A typicalI -V curve obtained
along the arms of theY junction is shown in Fig. 4~a!. This
should be compared with theI -V curve obtained from atop
the Y junction in a Y junction nanotube as shown in Fig
4~b!. We notice that both the curves are typical of met
insulator-metal junctions with the current values displayin
threshold around zero bias. The curve in Fig. 4~a! is symmet-
ric about the zero bias. The tunnel current has the same m
nitude (;19 nA) at bias voltages of11700 and21700 mV.
The inset in the figure giving the plot of differential condu
tance versus bias gives a gap of;760 mV, symmetric with
respect to zero bias. In Fig. 4~b!, however, the threshold bia
voltage is;190 mV in the positive bias. The tunneling cu
rent rises exponentially beyond this bias voltage, reachin
maximum of;28 nA at 1700 mV. Under a negative bia
there is a gradual rise in the tunneling current beyond a r
tively large threshold bias (;440 mV). The tunneling cur-

FIG. 4. I -V curves collected from different points in aY-junction carbon
nanotube;~a! from the junction of the three arms and~b! from one of the
arms away from the junction. Insets show plots ofdI/dV vs bias voltage.
The observed gaps are indicated by arrows.
e or copyright; see http://apl.aip.org/about/rights_and_permissions
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rent reaches a value of;18 nA at a negative bias of 170
mV, which is far less than that for the positive bias. Thus,
I -V plot is asymmetric with respect to bias polarity. The p
of differential conductance (dI/dV) versus bias shown in th
inset of Fig. 4~b! also clearly demonstrates the asymme
about zero bias. Such asymmetry is characteristic of a ju
tion diode and this in turn indicates the existence of intram
lecular junction in the carbon nanotubes. It is to be noted
the asymmetry found in theY junction is somewhat compa
rable to that reported in the case of intramolecu
junctions.11

In conclusion, the preponderant formation ofY junctions
in the carbon nanotubes produced by the pyrolysis of n
elocene in the presence of thiophene is worth noting
would appear that the process involves not only thein situ
formation of catalytic nickel nanoparticles, but also the
multaneous formation of nanotubes withY junctions, due to
the catalytic effect of the thiophene present in gas stre
Since one can manipulate carbon nanotubes using ato
force or scanning tunneling microscopy, the ready availa
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ity of such nanostructures opens up possibilities in devel
ing nanoelectronic devices. The asymmetry in theI -V curve
around zero bias found at theY junction suggests that th
nanotubes obtained in the present study may be of use in
direction.
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