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Abstract

An overview of the available data on carbon nanotube Y junctions is given. The structural models and the transport calculations
on the Y junctions are reviewed followed by the various methods, which successfully produced these junctions and the available
experimental transport and tunneling data of the grown junctions. In the discussion section, the common and different features of
the various growth methods are analyzed and some particularities of branched nano-objects are outlined, which have to be taken
account in the interpretation of the tunneling data.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction within the scope of the present paper. The paper is
organized as follows: first the structural models and the

The increasing number of papers on novel, complex transport calculations on the Y junctions are reviewed
carbon nanotube type nanoarchitectures like multiwall followed by the various methods, which successfully
[1] and singlewall Y junctions[2], simple [3] and produced these junctions and the available experimental
multiple coiled nanotube§4,5| clearly shows that the transport and tunneling data of the grown junctions. In
sp? hybridization of carbon makes possible a large Section 4 the common and different features of the
variety of tubular, carbon based nanostructures. Thesevarious growth methods are analyzed and some partic-
new structures are potential building blocks of an ‘all- ularities of branched nano-objects are outlined, which
carbon’ nanoelectronics. Such a circuitry, in which the have to be taken account in the interpretation of the
interconnects to the macroscopic world are significantly tunneling data.
reduced in number, will fully exploit the nanometer size
of its components. To be able to achieve this, networks 2 Structural models and calculated transport
of interconnected carbon nanotubes have to be constructProperties
ed. For constructing a network the simplest basic build-
ing elements one can use are Y or T junctions either 2. Structure
achieved during nanotube growtl6—§, or by later
processing steps like functionalization and interconnec-
tions through chemical bond$9,10.

The purpose of the present paper is to overview the
available data on the growth and properties of the carbon
nanotube Y junctions produced during nanotube growth,
the junctions produced by chemical interlinking are not

The first structural models for symmetric carbon
nanotube Y junctions based on theoretical calculations
[11,14 were proposed shortly after the discovery of
multiwall carbon nanotubes by lijimEL3]. Both models
are based on the insertion of non-hexagdmaH) rings
(at least six heptagohdn the hexagonal network in the
region where the three branches of the Y are joined
Trresponding author. Tel.: +36-1-3922681; fax: +36-1- together. All the SUbsequ_ent St,ruqtural mOdE]é'__lg
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carbon nanotubes, but with different diameters, may
exhibit rectification effects due to the different gap

values associated with the different diameters leading to
the formation of a system similar to semiconductor
heterojunctions in the Y20).

2.2. Conductance

Nonconducting bias windows may appear in the Y
junction region, even for symmetric junctions built of
metallic carbon nanotubes due to the number of the
n-H rings and due to the way in which they are arranged
[15]. Treboux and co-workers have calculated the prop-
erties of a series of spacer elements in the junction
regions, which they call ‘triangulenes’, Fig. 2. According
to their model the complete Y junction is treated as
: being composed of three semiinfinite, metallit2, 0
(b) zig-zag carbon nanotubes joined by the triangulene units
and the necessary n-H rings to conserve ttfe sp connec-
tivity of the carbon lattice. According to their calcula-
tions if the triangulene spacer has an atom centered on
the C; symmetry axis, Fig. 2a, it exhibits no conduction

(a)

Fig. 1. Structural models of carbon nanotube Y junctigi@.Sym-
metric, armchair Y junction as proposed by Scusdfid], the six
heptagons are highlighted in bladky) asymmetric, zig-zag Y junc-
tion after[18], n-H rings highlighted in black.

in the kind, number and placement of the n-H rings.
These variations make possible the constructions of
various symmetric and asymmetric model juncti¢hg]

and various angles from Y to T shapé&4]. A Y
junction is named symmetric if the three carbon nano-
tubes joining each other in the Y have identical chirality
and the distribution of the n-H rings around the Y is
symmetric. Such a junction will be constituted from
identical branches oriented at F2Qdike in Fig. la.
Whenever one of the above conditions is not fulfilled
the junction will be asymmetric, a possible example is
shown in Fig. 1b. The case of asymmetric junctions is
someWhat more C,Omplex as 'r_] this case various Combl'Fig. 2. Triangulene spacers as proposedllif to join three metallic
nations of metallic and semiconductor tubes can be zig-zag carbon nanotubes into an Y junctiga) Triangulene with
built. Even an asymmetric Y built only of semiconductor atom centered’; axis; (b) ring centered; axis.
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gap, only an electron hole asymmetry, but when the 3. Experimental results

triangulene spacer has a ring centered on @heaxis,

Fig. 2b, a characteristic gap is found in the conductance3.1. Growth of Y junctions

[15]. Every third increase of the size of triangulene

spacer(every increase is done by increasing the number 3.1.1. Electric arc

of the hexagons along the edge of the spacer by one The first observation of carbon nanotube Y junctions
results in a spacer with ring centeret; axis. The was reported in an electric arc experiment. The junctions
existence of the conduction gap is associated with LDOS found by transmission electron microscofygM) were
differences arising in the two kinds of spacers, the short branched, multiwall ond23]. The arc discharge
central region of the triangulene spacer with ring cen- was operated under He atmosphere at 660 mbar and a

teredC; axis loses the metallic character. current density of 220 Acn? was used at a 27 V DC
bias. A hollow, cylindrical graphite rod of 0.64 cm with
2.3. Rectification a hole of 0.32-cm diameter was used as anode, no filling

was present in the hollow core of the anode. The deposit

The rectification in the Y junction is a somewhat from the cathode was collected and analyzed by TEM,
controversial issue. Andriotis et dl18] calculated the  junctions of various shapes L, T and Y were found. The
quantum conductivity for a large number of Y junctions HRTEM images show that in the branches the graphitic
using the Landauer formalisii21] based on a Green's layers are oriented parallel with the tube axis, while in
function method. Not only the nanotube branches of the the junction region they have ‘saddle-like’ shape.
Y junctions are taken into account, but also the effect Recently in a DC electric arc experiment carried out
of the metallic leads. The effect arising due to the in 660 mbar He, also using a hollow anode, of 6-mm
metallic leads are introduced by calculating the self diameter, drilled out to have a cylindrical, axial hollow
energy term for those carbon atoms which are situatedof 3.5 mm in diameter and filled with a nickéjttrium
on the interface plane between the nanotube and its Nimixture (resulting in an overall graphitaickel/yttrium
(001 lead [18]. Two main groups of structures are composition of 9¢7/3 wt.% over the drilled-out lengdh
studied: (a) junctions with no change of chirality and single and few wall Y junctions were found by scanning
(b) change of chirality on branching. The authors tunneling microscopy(STM) in the cathodic deposit
conclude that in accordance with Treboux’s findings the together with straight multiwall carbon nanotubes and
rectification and switching depend strongly on the sym- nanotube knees with diameters typically approximately
metry of the spacer connecting the three branches and1l0 nm [24]. The Y junctions found are asymmetric,

to a lesser degree, on chiralityg8]. They find: (i) usually have a stem of larger diameter, the ratio of the
perfect rectification is obtained for symmetric carbon diameter of the stem to the diameter of the branches is
nanotube junctions consisting of zig-zag stents) in the range of 1.5—-4, the apparent diameters of the
asymmetric Y junctions show no rectificatiofiii) Y stems as measured from the height of the tubes over the

junctions containing armchair stems, although having substrate are in the range of 0.3—1 nm. Taking into
asymmetric/-V characteristics, exhibit small leakage account that the measured values of the apparent heights
currents for positive bias(iv) perfect rectification and  in STM measurements are affected by several distorting
switching properties are intrinsic properties of the Y factors[25-27, which cause the reduction of the real
junctions exhibiting specific symmetry and consisting diameter, these values strongly suggest single or few
of zig-zag stems. Using a similar calculation method, in wall branches. The observed Y junctions usually show
a recent work, Meunier et al19] bring arguments that  growth instabilities and sometimes kinks, too, before
the rectification in a symmetric junction is not an branching, a typical example of such a Y junction is
intrinsic property of the branching, but it is solely due shown in Fig. 3, some of the growth instabilities are
to the properties of the interface between the nanotubemarked by white arrows.
branches and the metallic leads. The rectification is STM and scanning tunneling spectroscop$TS
attributed to Schottky-type interface states and the mag-measurements were reported recently on nanotube sam-
nitude of the effect is found to be strongly dependent ples prepared by the electric arc method. Neither the
on the detailed atomic geometry of the contfid]. In exact location from which the sample was collected
addition, it seems now well established that the elec- within the reaction chamber, nor the arc discharge
tronic properties of a nanotuplead interface depend parameters were given in detdl8]. An asymmetric Y
strongly on contamination, especially with oxyge®]. junction was measured in topographic mode and by
From the point of view of carbon nanotube based STS. The apparent heights of the three branches are:
nanoelectronic circuitry, both kinds of Y junctions are 0.45, 0.4 and 0.35 nm, respectively. The same observa-
needed: ones that show no rectification for interconnectstion is valid concerning the real diameters as in the
and ones that show rectification for being used as activeprevious paragraph[25—-27. The diameter values
elements. obtained from the STS data indicate tubes with surpris-
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1273 K. The Y junctions are constituted of multiwall,
relatively straight tubes, in general of similar diameters
in the range of 40 nm, with a well developed and clearly
visible central hollow(Fig. 4. As revealed by HRTEM
the Y junctions have a ‘fish-bone’ structure, i.e. the
graphitic layers are not oriented parallel with the axis
of the nanotubes constituting the junction, but rather
under a certain angle. It is remarkable that even given
this structure, the STS spectroscopy measurements per-
formed on one branch of a junction show a symmetric
d7/dv, while at the joining point an asymmetric char-
acteristic is found8]. The authors attribute the forma-
tion of the Y junctions to the catalytic effect of the
thiophene present in the gas mixture. In a subsequent
work [30] from the Rao group, the cobaltocene, ferro-
cene, Ni- and Fe-phtalocyanines and i) /SiO, were
found to yield Y junctions under identical conditions as
above. Multiple branching was observed, t0Big. 40),
but the junctions continue to show fish-bone structure.
Y junctions with a shorter and two longer straight
Fig. 3. Topographic STM image of an arc grown asymmetric Y junc- arms that can reach up to 30m in length, and often
tion [24] shown in 3D. Some of the growth instabilities causing minor ~ exhibiting multiple branching were grown using MgO
changes in the_ growth direction before the Y branching occurred are supported Co catalyst in aJACH, gas mixture at a
marked by white arrows. temperature of 1000C [31]. The branches of the Y
. i ) junction usually have similar diameters and they are
ingly small diameters in the range 0.5-0.7 rl@8], oriented at angles close to 20 he three tubes joined
which clearly must be single wall ones. From spatially i, the v have hollow cores and in general an amorphous,
resolved spectroscopic data, by plotting thg¢dV quan-  trjangularly-shaped particle, consisting of Ca, Si, Mg
tity as a function of bias voltage and position along the 5,4 O is found at the joining of the hollow coréig.

tube, the authors conclude the existence of metallic- 4b). It is suspected that Ca and Si are introduced as
semiconductor junctions in the region where the three impurities in the starting materials. It is frequently

nanotube building up the Y are joined togetli28g].

X 50.000 nM/div
Z3.000 nM/div |

3.1.2. Catalytic growth

In the past 3 years most of the works reporting the
growth of the Y junctions were using some variation of
the catalytic vapor depositiofCVD) method. The
quality of the grown junctions shows wide scattering.

Using microwave plasma enhanced catalytic vapor
deposition and Pd catalyst, partially Pd filled, multiwall
carbon nanotubes were grown on a porous Si support
[29], in methanghydrogen atmosphere. Some of the -
tubes show Y junctions. The authors propose a root W
growth mechanism for the formation of Y junctions in
which the molten catalyst particles on the top of two
neighboring carbon nanotubes are fused together ang
the growth continues like a single tube.

The formation of Y branched carbon nanotubes and
of mult!ple branchings in a proportlon OT 70% is reported Fig. 4. Some remarkable experimental achievements by CVD growth
by Satishkumar et al[8]. Nickelocene is used as both of Y junctions.(a) Multiwall, symmetric Y junctions with well devel-
catalyst source and carbon feedstock in combination oped central hollows]; (b) Y junction with the triangular amorphous
with hydrogen bubbled through thiophene in argon particle at the joining of the brgnchéthe particle is shown in detail
carrying gas, the growth apparatus consists of a two I the right-upper insef central inset shows the pearl-shaped particle

]

furnace system, the nickelocene is sublimed at 623 K at the end of the brandf81] (scale bar 100 nf (c) double ¥ junc-
in the first furnace, while the growth of the Y junctions

tion grown using the pyrolysis of thiophene over/RiO, catalyst
[30]; (d) SEM image of an area showing several multi-junction tubes

takes place at the outlet of the second furnace kept atgrown on scratched Si using Fe powder as catg3&t
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observed that one of the two long arms of the Y junction grown in nanochannels which were purposely etched in
is capped with a pearl-shaped particle, which has theway that gives multibranched structui@4].
same chemical composition as that of the triangle-shaped3 1.4. Growth by fullerene decomposition
&ZZ'%E&éE'%nAZ{?é Sgg]a?:nemci‘str?e tri‘;il_z?;uené O;rgc?le During the electric arc, or laser ablation growth of

: o P ped particle. -arpon nanotubes, small carbon clusters are formed in
HRTEM investigation revealed that far from the junction the hot plasma, which under favorable conditions will
the branqhes show a tubular arrangement of the graphen'?slggregate into straight or kinked carbon nanotubes. On
layers, with satlsfactory graphitization. The authors con- the other hand, such carbon clusters may be formed at
clud_e that the growth is promoted by the p_earl-s_hgpedmuch lower temperatures than that typical for electric
particles observed at the end of the arms, which originate ;. o+ |aser ablation. for example by fullerene decom-
by spllttlng due to tr_]erm_al fluctuations from the trian- position in the prese,nce of transition metals at temper-
gular particle at the junction.

Y iuncii b bes h b py atures in the range of 458C [35]. The pure carbon
Junction carbon nanotubes have been grown by neanm if directed onto a highly oriented pyrolytic graph-
hot-filament chemical vapor deposition using a tungsten

\ ; _ ite (HOPG) surface in certain cases leads to the growth
filament heated at 2208C for which a gas mixture of o complex nanoarchitectures, like carbon nanotube Y

acetone and hydrogen was fed and in situ evafporatequnctions, regularly coiled carbon nanotubes and com-
copper from a copper plate placed under the hot filament ;- ono of these structureks, 36,317, (Fig. 53. A

was supplied[32]. TEM investigation revealed that —,mpietely symmetric Y junction, with arms oriented at
under optimized growth conditions the fraction of Y 155 is shown in Fig. 5b. The carbon nanotube Y
junctions is as high as 30%, usually a thicker stem j,,ctions grown by this technique are usually single or
branches in two thinner arms separated at angleste,y wall junctions for which the possibility of the fish-
between 50 and 8OHRTEM reveals fish-bone structure 6 strycture can be ruled out due to the small thickness
in the junction. If no copper is supplied during growth, - of the tube walls. Mass spectrometry has shown that in
no nanotubes are observed. , the low temperature pure carbon beam, there are present
Multijunction carbon nanotube networks, Fig. 4d, not only small G, cluster§3s], but also clusters with
containing Y and H junctions with regular, straight arms, masses in the range of .6 and,G [38]. It is
were grown on 600-grit sand paper scratched Si sub-gpeculated that these large clusters, after soft-landing on
strates using iron powder placed in a quartz boat the HOPG surface may take configurations, which pro-
upstream of the substrate as catalyst source, and thenote the growth of Y junctions and other tubular forms

pyrolysis of methane at 110 as carbon sourck83].  of carbon containing n-H rings, like coils and double
The branches have uniform diameters in the range ofcoils [39].
30-50 nm.

3.1.5. Welded junctions
) Experiments carried out in situ at high temperatures

3.1.3. Growth using template (800°C) in a high acceleration voltage TEKL..25 MV,

The first experiment achieving the controlled growth ;o ARM-1250, beam intensity of~10 A/cn?),
of carbon nanotube Y junctions was based on the useg,pnorted by molecular dynamic calculations, show that
of alumina templates with branching nanochanriéls  qe to interlinking of dangling bonds created by electron
Cobalt catalyst was electrochemically deposited at theirradiation, it is possible to weld together crossing
bottom of the nanochannels then the pyrolysis of acet- singlewall carbon nanotubes and to produce Y, X, T and
ylene was carried out at 65€. The grown Y junctions  H junctions[40] (Fig. 6). By careful electron irradiation,
have stems of gm length with a diameter of 90-100 it js possible to remove one arm of an X junction to
nm, followed by branches of @m with diameters of  transform it inb a Y junction. Although the experimen-
35-60 nm making a very sharp angle. HRTEM inves- ta|ly obtained junctions appear to a certain extent defec-
tigation of the tube walls reveals fish-bone structure. tive and their atomic arrangement might deviate from
Electric transport measurements of individual Y junc- the idealized molecular models, the observed junctions
tions placed over Au electrodes, with the branches show the expected topologies. Tight binding molecular
connected to the same electrode showed rectifyingdynamics calculations were carried out, the simulation
behavior[20]. Similar results were obtained for arrays of two crossing tubes under irradiation at 1000
of Y junctions constituted of several hundreds of indi- revealed the nanotube merging process, resulting in an
vidual nano-objects, while no rectification was found almost perfect molecular junction.
for arrays of straight carbon nanotubes measured unde
identical conditions.

A very similar growth procedure was carried out at 3.2.1. Transport along the junction
somewhat lower temperature, 580 and adding hydro- Although many various methods have been used to
gen to the gas mixture. Multibranched junctions were grow Y junctions, much less experimental data are

r .
3.2. Electronic transport measurements
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Fig. 5. Top view, topographic STM images of carbon nanotube Y junctions grown from carbon clusters produced by fullerene decomposition in
the presence of transition meta{a) Y junction and regular nanotube coil laying over[B7]; (b) top view STM image with artificial illumination

of a completely symmetric Y junction, with arms oriented at 128e irregular line AB is a cleavage step, white€ a surface defect is seen,

the white lines indicate the 12@ngle[36].

available on their conduction properties. This seems tojunction can be written af20]

be related to the difficulty of precisely contacting a

given nano-object. A very ingenious method to measure ; _

conduction through the Y junctions grown in the nano- I~expleV /mkeT), @
channels of an alumina template give solid evidence on
the rectifying behavior of arrays of such junctions,
averaging over large numbers 100—10 000 of individual %:5 nm
junctions connected in parall¢20]. Arrays of straight oo

grounded Al electrode, while the stems were connected ¢
to an Au electrode. For positive bias applied to the Au
electrode no current, or only weak leakage current is
measured, while for negative stem polarity currents of
300 mA were measured at2 V bias for an array of

100 junctions. In an experiment carried out with a single
junction chemically removed from the growth template

and placed over preformed Au electrodes, after a period 4

of contact resistance reduction due to gold electromigra-
tion, similar characteristic was measured between two
Au contacts as for the arrays betweery Ali contacts.
The experimental findings are interpreted in the frame-
work of the Anderson model41] for semiconductor
heterojunctions. On the basis of STS data for straight
multiwall carbon nanotube#42] showing that the gap
of semiconductor tubes is proportional to the inverse of
tube diameter, it is inferred that the stem has smaller
gap than the two arms. This will cause depletion on the Fig. 6. carbon nanotube junctions welded in situ under the electron
branch side of the junction. The current through the beam in the TEM40].
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wheree is the electronic chargé/ is the bias across the sulfur may induce in the growth of carbon nanostructures
junction, n=1+&,N,/ &N, a parameter depending on when transition metal catalysts are used has been pointed
the material properties on the two sides of the junction, out by several researchd#3,44 many years ago. More

kg the Boltzmann constant; the absolute temperature; recently, the role of sulfur seems to be very important
with &, and ¢, the corresponding dielectric constants in the growth of doublewall carbon nanotubes
and N, and N, the equilibrium concentrations of the (DWCNTs) [45,4d, in the absence of sulfur only
holes in the stenfbranch far from the junction. It was ~ SWCNTs are produced, while minute amounts of S yield
found that the experimental-V data are in good DWCNTs. Sulfur can easily combine with carbon in the

agreement with Eq(1). gas phase to form S-rich clusters and sulfur may enhance
o the catalytic activity of transition metals, and it may
3.2.2. Transport across the branches and the junction enhance the metal filling of carbon nanotubes [44].

Tunneling conductance measurements were carried QOn the other hand, there are CVD methods, which
out on a CVD grown Y junction by positioning a tip  seem to produce Y junctions, that do not have fishbone
over thg arm and over the joining po_int of the branches structure[31]. In these methods, like in Ref§31,33,

[8]. While over the arm a symmetrit-V curve was  gylfur is not introduced intentionally, but it may not be
recorded in the branching region thieV curve shows  excluded that sulfur traces may have been present along
asymmetry, smaller currents bglng measured for negativeyith ca and Si, also introduced unintentionalgd].
polarity than for positive polarity. The junctions, reported by Ren and co-workers do not

STS measurements carried out under UHV on an paye a fishbone structure, therefore they can be treated
asymmetric single wall Y junction produced in electric i e the multiwall carbon nanotubes, at least, far from
arc revealed changes in the electronic properties in theihe junction. In the case of fish-bone structure it is not
vicinity of the junction [28]. Spectroscopic data were  gyaighiforward to apply the models used for describing
recorded as a function of bias voltage and position along ,o physical properties of carbon nanotubes, in which
the tubes, the data represented as gray scale tunnelingne graphene sheets are oriented along the’ tube axis.
conductance maps reveal that the region connecting therpe ish hone structure is more frequently encountered
three branches exhibits r_netallic-type behavior and its in graphitic fibers. As in Ref[33] no TEM images are
df/dv curve shows peaks in the range-5l1.0 to +1.25 given, one cannot decide, if it may be inferred that the

Zlovr\:lth ttrwees%?gqé%;gecliglml ;i\é?,\ll' ;Lr;e T;;j;lrecrﬁzgtseabsence of sulfur promotes the growth of well graphi-
9 y 9 PClized Y junctions, but certainly this is one point worth

tovv_ards the spectrum charactgrlsnc for the junction to be investigated further.
region as the measurement points are approaching to There are too few results concerning the arc growth

this region. of Y junctions for attempting to extract general rules
from the results. Both multiwall and singlewall junctions
have been grown. The single or few wall junctions are
attractive because their wall thickness does not allow
for fish-bony structure. It is worth investigating in more
detail, if during the arc discharge growth of single wall

4. Discussion

One of the general conclusions that may be formulat-
ed after the review of the experimental data is that

taking into account the very different methods which . ) ) )
9 y nanotubes, in the cathodic deposit, or in the mantle

yielded in some occasions very similar nanotube Y 1 ) . . .
junctions, the research community should accept theseSurrounding it(which contains a large variety of differ-

nano-object as ‘regular members’ of the carbon nano- €Nt carbon nanostructureig3]) Y junctions may be

structures family. A certain grouping of the methods "€gularly produced. Usually, when the growth of
may be attempted, although, for some growth methods SWCNTS is aimed the cathodic deposit is disregarded.
the available data are very scarce. There is no doubt that, at the present moment, the
The most well represented group is constituted by the US€ Of nanochannel templates is the most suitable way
Y junctions grown by CVD. Most frequently, these 10 pro_duce Iarge_a_mounts of similar Y junctions. How-
junctions exhibit a fishbone structure which may suggest €ver. it may be difficult to apply to these nanostructures
a growth mechanism based on the fragmentation of thethe formalism developed to describe the physical phe-
catalyst particle as proposed in RgB1]. On the other ~ Nomena occurring in well-graphitized carbon nanotubes.
hand, the experiments by Rao and co-workéBs] It is encouraging that thé—V characteristic of these
convincingly demonstrate that various catalyst are suit- hanostructures shows rectifying behavior as mentioned
able for the formation of Y junctions and that the above.
presence of sulfur may be beneficial for the formation  The two ‘exotic’ methods, the e-beam welding of
of these junctions by the catalytic route. However, the straight carbon nanotubes and the growth by fullerene
mechanism by which sulfur promotes the branching is decomposition, may prove useful for fundamental stud-
not clear at the moment. The very dramatic changesies, but it is doubtful that they will gain importance as
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Fig. 7. Wave packet dynamical simulation of geometric effects during the tunneling through a carbon nanotube Y junction placed between the
STM tip and a conductive suppoft7]. Right column: arrangement of the STM tip, Y junction and support. Left column: snapshots of the
tunneling process at 3.6 fs. Note that even when the STM tip is placed off-junction a significant amount of charge flows in the junctions region,
thus ‘sampling’ the localized states existing there due to the n-H rings.

practical ways of producing large amounts of Y available on a regular basis many more efforts are

junctions. needed to understand their electronic properties. It seems
As already discussed in some detail concerning idealto be worthwhile to undertake to these challenging tasks

singlewall junctions above, a widely accepted theoretic due to very exciting application possibilities of Y junc-

description is lacking at the moment. The experimental tions in nanoelectronics and in composites.

data concerning the transconduction of the Y junctions
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