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netic oxygen molecules that were strongly 
attracted to the surfaces of SWNT bundles. 
However. partial contribution due to possible 
changes of electronic properties (i.e.. they 
became more metallic) cannot be excluded. 
This issue is currently under systematic in- 
vestigation. Nevertheless, interactions be-
tween SWNTs and oxygen molecules at room 
temperature cannot be ignored. 
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Crossed Nanotube Junctions 
M. S. Fuhrer,' J. Nygird,' L. Shih,' M. Forero,' Young-Cui Yoon,' 

M. S. C. ~azzoni, '  Hyoung Joon C h ~ i , ~  Jisoon Ihm,2 
Steven C. ~ouie,' A. ~ e t t l , '  Paul L. McEuenl* 

Junctions consisting of two  crossed single-walled carbon nanotubes were fab- 
ricated with electrical contacts at  each end of each nanotube. The individual 
nanotubes were identified as metallic (M) or semiconducting (S), based on their 
two-terminal conductances; MM, MS, and SS four-terminal devices were stud- 
ied. The MM and SS junctions had high conductances, on the order of 0.1 e2/h 
(where e is the electron charge and h is Planck's constant). For an MS junction, 
the semiconducting nanotube was depleted at the junction by the metallic 
nanotube, forming a rectifying Schottky barrier. We used two- and three- 
terminal experiments t o  fully characterize this junction. 

Single-walled carbon nanotubes (SWNTs) 
have been proposed as an ideal system for the 
realization of molecular electronics (1). Indi- 
vidual SWNTs may act as devices such as 
field-effect transistors (2. 3). single-electron- 
tunneling transistors (4, 5). or rectifiers (6-
10). However. a question remains: How can 
individual SWNTs be joined together to form 
multiterminal devices and, ultimately, com- 
plex circuits? We have begun to address this 
question by characterizing SWNT-SWNT 
junctions formed by nanotubes that lie across 
one another on a substrate. This type of junc- 
tion is easily constructed and, with the devel- 
opment of techniques to place nanotubes with 
precision on substrates (11). could conceiv- 
ably be mass produced. 

Our SWNT-SWNT junctions consist of two 
crossed individual SWNTs or small bundles 
(diameter <3 nm) of SWNTs with four electri- 
cal contacts. one on each end of each SWNT or 
bundle (12). In addition, a gate voltage V, can 
be applied to the substrate to change the charge 
density per unit length of the SWNTs. In an 
atomic force microscope (AFM) image of a 
completed crossed nanotube device (Fig. I), 
two crossed SWNTs (green) interconnect the 
Cr/Au contacts (yellow). 

We can independently measure each 
SWNT and determine its properties in this 
configuration. SWNTs may be metallic or 
semiconducting. depending on their chirality 
(13). At room temperature. metallic SWNTs 
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(2) Our crossed 1;and ~nsulating at positive 

have a finite conductance that is nearly inde- 
pendent of Vg. Semiconducting SWNTs are 
found to bep-type, conducting at negative y, 

SWNT can be composed of two metallic 
SWNTs (MM), one metalhc and one semi- 
conducting SWNT (MS), or two semicon-
ducting SWNTs (SS) 

The two-terminal conductances measured 
across MM junctions are comparable to the 
two-terminal conductances of the individual 
SWNTs: the junction resistance is of the 
same order of magnitude as that of the tubes 
and their metallic contacts. This result 
prompted us to measure the four-terminal 
conductances of the crossed SWNT devices 
in order to accurately determine the junction 
conductance. Current is passed into one arm 
of one tube and sunk from one arm of the 
second tube. The other arms act as voltage 
probes. Figure 2A shows the four-terminal 
current-voltage (I-IT) characteristic of an MM 
junction at 200 K (14). The slope of lIT 
corresponds to a resistance of 200 kilohm. or 
a conductance G of 0.13 r2/h (where r is the 
electron charge and h is Planck's constant). 
Similar measurements of three other MM 
junctions gave conductances of 0.086. 0.12. 
and 0.26 r2ih. 

The measured conductances of MM junc- 
tions correspond to a transmission probability 
for the junction TJ = G/(4e2/h) .= 0.02 to 
0.06. Thus. an electron arriving at the junc- 
tion in one SWNT has chance of a few per- 
cent of tunneling into the other SWNT. MM 
junctions make surprisingly good tunnel con- 
tacts, despite the extremely small junction 
area (on the order of 1 nm'). We have per- 
formed first-principles density functional cal- 
culations of the conductance of MM junc- 
tions (15) (see supplementary material 
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available at Science Online at www.sciencemag. 
org/feature/data/l048209.shl). For two SWNTs 
with wrapping indices (5,5) separated by the 
van der Waals distance of 0.34 nrn (Fig. lB), 
we find q = 2 X lop4. However, when the 
contact force between the nanotubes due to 
interaction with the SiO, substrate was included 
(16) (Fig. IC), we found that the nanotubes 
deformed significantly at the junction. In this 
case, we found T; = 0.04, in excellent agree- 
ment with the experimental result. Indeed, the 
charge density in the contact region became 
sizeable as the nanotubes became closer and 
more deformed, resulting from a significant 
overlap of intertube wavefunction. 

The measurements of SS junctions are 
complicated by the often very resistive (3) 
contacts to semiconducting SWNTs. Never- 
theless, we have observed two terminal con- 
ductances of SS junctions as high as 0.01 1 
e2/h and 0.06 e21h (the higher conductance 
curve is represented by the open circles in 
Fig. 2A). These values are lower bounds for 
the true SS junction conductances and indi- 
cate that the SS junctions, like the MM junc- 
tions, make relatively good tunnel contacts. 
This result is not surprising; both MM junc- 
tions (Fig. 2B) and SS junctions (Fig. 2C) are 
expected to have a finite density of states 
available for tunneling on either side of the 
junction. 

The MS case (Fig. 2D) is qualitatively 
different from the MM and SS cases. Charge 
transfer at the junction between a doped 
semiconducting SWNT and a metallic SWNT 
is expected to form a Schottky barrier (1 7) as 
follows. Because semiconducting and metal- 
lic SWNTs both share the same graphene 
band structure, we expect them to have nearly 
identical work functions. Hence, the Fermi 
level EF of the metallic SWNT should align 
within the band gap of the semiconducting 
SWNT at the junction, depleting the doping 
of the semiconducting SWNT at the junction. 
Far from the junction, however, EF is in the 
valence band of the semiconducting SWNT. 

Thus, in addition to the tunnel barrier 
between the two SWNTs, there also exists a 
Schottky barrier with a height approximately 
equal to half the band gap of the semicon- 
ducting SWNT. The depletion region in the 
semiconducting SWNT associated with the 
Schottky bamer represents an additional tun- 
neling barrier. The total barrier transmission 
probability TMs is then given by TMs = qT,,  
where T, is the transmission probability for 
tunneling through the depletion region to the 
location of the metal SWNT, and T j  is the 
probability of tunneling between the SWNTs. 

The I-V curves for two MS junctions, 
measured at a temperature of 50 K and V,  = 
-25 V, are also shown in Fig. 2A. We first 
concentrate on the linear response conduc- 
tance of the MS junctions. Compared with 
the MM and SS junctions, the low-bias con- 

ductances are two orders of magnitude small- 
er; TMs = 2 X lop4 for both devices. If we 
assume that q - 0.04 for the MS junctions 
(which is comparable to the MM value), then 
T, - 5 X (18). This is in excellent 
agreement with a recent calculation by Od- 
intsov (1 7), who found T, - 5 X and a 
corresponding depletion width of 7 nm for a 

Fig. 1. (A) Tapping- 
mode AFM image A 
(amplitude signal) of a 
crossed SWNT device. 
Two SWNTs (green) 
can be seen spanning 
between the CrIAu 
electrodes (yellow). (B 
and C) The structures 
used to calculate the 
conductance of a 
junction between two 
metallic (5,5) SWNTs 
(see text and supple- 
mentary material). 

doping level similar to that of our experimen- 
tal case (19). 

The I-V characteristics of the two MS de- 
vices shown in Fig. 2A are shown over an 
expanded bias range in Fig. 3A. The conduc- 
tance grows with increasing bias and is greater 
for positive biases applied to the semiconduct- 
ing SWNT than for negative biases. (The two 

Fig. 2. (A) I-V character- A 
istics of several SWNT 
junctions. Open squares, 
four-terminal measure 
ment of an MM at 200 
K; open circles, two-ter- 50 
minal measurement of 
an SS at 200 K; crosses 25 

and plus signs, two-ter- $ 
minal measurements of = O 
MS junctions at 50 K 
and V = -25V. (B '25 
througt D) The expect- 
ed band structures near -50 
the junctions. There ex- 
ists a finite density of -'= 
states on either side of 
the junction for (B) the -I 

MM and (C) the SS junc- 
tions. (D) In the MS 
junction, a Schottky bar- 
rier of height k,,, forms in the semiconducting SWNT because of charge transfer from the metallic SWNT. 
(The conduction and valence bands of the semiconducting SWNTs are denoted by C and V and the Fermi 
lwel by E,). 

Fig. 3. Two-terminal I-V charac- 
teristics of two metallic SWNT- 
semiconducting SWNT junctions 
at a temperature of 50 K (solid 
and dashed lines). Bias was ap- 
plied to the semiconducting 
SWNT. The dotted lines are [in- 100- reverse bias 
ear fits to the forward bias data. 
The schematic energy level dia- 
grams for the reverse bias (upper 
left inset) and forward bias (low- 
er right inset) are shown. 

I i fonvard bias I 
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terminalI-Vcurves of MM and SSjunctions are 
relatively featurelessover the same bias range.) 
This nonlinear behavior is expected for a Schot-
tky bamer formed at the junction between a 
metal and a p-type semiconductor: Forward 
biases reduce the Schottkybarrier (Fig. 3, lower 
inset) and lead to current flow. The fonvard-
bias I-V curve saturates to a linear behavior, 
which extrapolatesto a positive Vintercept.The 
Vintercept of the linear region gives a measure 
of the banier height: Ebarner= 190 and 290 
meV for the two devices. This agrees rea-
sonably well with the expected barrier 
height E,,,,,,, = Eg12 - 250 to 350 meV 
for 1- to 1.5-nm semiconducting SWNTs 
(Eg - 500 to 700 meV) (13). Reverse 
biases increase the Schottky barrier (Fig. 3, 
upper inset), but because the depletion re-
gion is small, tunneling still occurs through 
the barrier and leads to a measurable cur-
rent flow that increases with increasing 
reverse bias. 

B C 

zero v 
bias 

D 
forward bias forward v

bias 

Fig. 4. (A) Three-termi- 500-
nal measurement of a A 
metallic SWNT-semi-
conducting SWNT de- 400- 1 

vice at 100 K. I,, cur-
rent flowing from me-
tallic SWNT; I,, current 
flowlng from semicon-
ductlng SWNT. The In- -
set (upper left) shows 5 
the measurement con- -
figuration (for simplici-

The depletion region in the semiconduct-
ing SWNT at the junction should have an 
even more profound effect on the conduc-
tance through the semiconducting SWNT it-
self, because in this case charge carriers must 

conducting SWNT, I ' l ' l L l l l ' l ' l l l  

caused by depletion 
-800 -600 -400 -200 0 200 400 600 800 

locat~onof 
of carriers by the me- v (mv) metal SWNT 
tallic SWNT at the 
junction. (C) In reverse bias, the barr~erbetween the grounded metallic the left end of the semiconducting SWNT and the metallic SWNTis equal to 
SWNT and the grounded end of the semiconducting SWNT persists. (D) In the barrler height. Current 1s then free to  flow In the semiconducting SWNT, 
forward bias, the barrier disappears when the potential difference between as seen in (A). 

0ty, only one terminal 
of the metallic SWNT -
is shown). (B) At zero -100-
bias, a conduction bar-

pass a barrier twice as wide as in tunneling to 
the metallic SWNT (Fig. 4B). The semicon-
ducting SWNT contains two barriers, each 
with transmission probability Td, correspond-
ing to the depletion regions in the semicon-
ducting SWNT on either side of the metallic 
SWNT. The total transmission through the 
semiconducting SWNT is then given by T, == 

Td2. 
We explore this effect using the following 

device geometry. A voltage was applied to one 
end of the semiconducting SWNT in an MS 

_ _ - - -
_ - - -

reverse bias 

device, while the other end was grounded 
through a current-measuring amplifier. A sec-
ond amplifier measured the current flowing to 
ground through the metallic SWNT (inset, Fig. 

rler exists in the semi- -200 + 

4A). The three-terminal geometry allows for 
the determination of the direct transmission 
through the semiconducting SWNT, T,, ex-
cluding processes that involve the transmission 
through the metal SWNT. The linear response 
conductance across the semiconducting SWNT 
is 4.3 nS, correspondingto a transmissionprob-
ability T, = 2.8 X This indicates that 
T, == (TS)''2 == 5.3 X in excellent agree-
ment with the two-terminal result T, == 5 X 

lo-' obtained earlier. These results quantita-
tively verify our description of the nature of the 
MS junction in crossed SWNTs. 

The potential of the metal SWNT elec-
trode may be used to control the nonlinear 
characteristics of the semiconducting SWNT. 
We can ground the metal SWNT as well as 
one end of the semiconducting SWNT (Fig. 
4A). When a negative voltage is applied, the 
barrier to holes will remain intact. because 
the metallic SWNT remains at roughly the 
same potential as the grounded end of the 
semiconducting SWNT (Fig. 4C). However, 
when a positive bias is applied so that the 
potential difference between the metallic and 
semiconducting SWNT is greater than the 
barrier height, holes may pass the barrier and 
current will flow through the semiconducting 
SWNT (Fig. 4D). We observed such a re-
sponse in the measured current leaving the 
semiconducting SWNT (I, in Fig. 4A). 

The current from the semiconducting 
SWNT is approximately 100 times greater for 
a bias of +700 mV than for -700 mV. The 
direction of the rectification is determined by 
the contact of the semiconducting SWNT to 
which the metal SWNT is connected. It has 
been noted that the ineffective screening in-
herent in one-dimensional systems poses 
problems for nanotube Schottky devices (20): 
Nanometer-scale depletion regions are likely 
to be leaky barriers to tunneling. The exis-
tence of a third terminal in our MS junction 

device offers a solution to this problem, al-
lowing us to construct a good rectifier from 
narrow Schottky barriers. The active length 
of our device is on the order of 15 nm, 
demonstrating that useful devices consisting 
of only a few thousands of atoms can be 
constructed from SWNTs. 
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Tectonic Implications of U-Pb 
Zircon Ages of the Himalayan 

Orogenic Belt in Nepal 
P. C. DeCelles,* G. E. Cehrels, J. Quade, B. LaReau, M. Spurlin 

Metasedimentary rocks of the Greater Himalaya are traditionally viewed as 
Indian shield basementthat has been thrust southward onto Lesser Himalayan 
sedimentary rocks during the Cenozoic collision of India and Eurasia. Ages 
determined from radioactive decay of uranium to lead in zircon grains from 
Nepalsuggest that Greater Himalayanprotoliths were shed from the northern 
end of the East African orogen duringthe late Proterozoic pan-Africanorogenic 
event. These rocks were accreted onto northern Gondwana and intruded by 
crustalmelts duringCambrian-Ordoviciantime. Our data suggest that the Main 
Central thrust may have a large amount of pre-Tertiary displacement, that 
structural restorations placing Greater Himalayan rocks below Lesser Hima-
layan rocks at the onset of Cenozoic orogenesis are flawed, and that some 
metamorphism of Greater Himalayan rocks may have occurred during early 
Paleozoic time. 

The Himalayan orogen includes four tec- along the MCT. However, U-Pb ages and Nd 
tonostratigraphic units (Fig. 1) that record the isotopic data from Greater and probable Less-
tectonic evolution of northern Gondwana and er Himalayan rocks in a small area near the 
southern central Asia since early Proterozoic MCT in central Nepal suggest that Greater 
time (1,2). The Tibetan Himalaya comprises 
Cambrian through Eocene sedimentary rocks 
of the Tethyan succession (3-5). South of the 
Tibetan Himalaya lies the Greater Himalaya, 
consisting of high-grade metasedimentary 
rocks (6-9) intruded locally by early Paleo-
zoic (10-12) and Miocene (13-17) grani-
toids. Greater Himalayan rocks are thrust 
southward along the Main Central thrust 
(MCT) on top of the Lesser Himalaya, which 
includes the -10- to 12-km-thick Nawakot 
Group (Proterozoic) and Permian-lower Mio-
cene strata (18-24). The Subhimalaya (Fig. 
1) consists of Neogene foreland basin depos-
its. The Greater and Lesser Himalaya are 
sparsely dated, and their relationships to each 
other and to the Indian shield remain obscure. 
Because of their high metamorphic grade, 
Greater Himalayan rocks are assumed to be 
Indian shield basement that has been uplifted 
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Himalayan rocks may be younger than Lesser 
Himalayan rocks (25). 

We conducted U-Pb isotopic analyses on 
445 zircon grains (26) from 41 samples of the 
four Himalayan terranes and modem river 
sediment throughout Nepal (Fig. 1) to deter-
mine the ages, provenance, and crustal affin-
ity of Himalayan rocks. Detrital zircons pro-
vide maximum depositional age constraints, 
and minimum depositional ages of some stra-
ta are constrained by U-Pb ages of cross-
cutting intrusive rocks. 

Ages of detrital zircons from quartzites 
in the Nawakot Group of the Lesser Hima-
laya are generally greater than -1600 mil-
lion years ago (Ma), with age distribution 
peaks at -1866 and -1943 Ma (Fig. 2). 
Because the age of zircons from the Intru-
sive Ulleri augen gneisses is -1831 Ma, 
the lower Nawakot Group must have been 
deposited between -1866 and 1831 Ma. 
The detrital zircon ages are consistent with 
sedimentological data indicating that Lesser 
Himalayan sediments were derived from the 
Indian shield (19, 21, 27). 

Metasedimentary rocks of the Greater Hi-
malaya yield zircon ages of 800 to 1700 Ma, 

Quaternary Alluvium 
(modern foreland basin) Miocene leuCOgranite 

Subhimalayan zone Tibetan Himalayan zone 
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Fig. 1. Geologic map o f  Nepal, showing locations of samples and regional tectonostratigraphic 
terranes. 
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