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Single-walled carbon nanotubes (SWNTs) possess superior
electronic and physical properties that make them ideal
candidates for making next-generation electronic circuits that
break the size limitation of current silicon-based technology'™.
The first critical step in making a full SWNT electronic circuit is
to make SWNT intramolecular junctions in a controlled manner.
Although SWNT intramolecular junctions have been grown
by several methods>®, they only grew inadvertently in most
cases. Here, we report well-controlled temperature-mediated
growth of intramolecular junctions in SWNTs. Specifically, by
changing the temperature during growth, we found that SWNTs
systematically form intramolecular junctions. This was achieved
by a consistent variation in the SWNT diameter and chirality
with changing growth temperature even though the catalyst
particles remained the same. These findings provide a potential
approach for growing SWNT intramolecular junctions at desired
locations, sizes and orientations, which are important for making
SWNT electronic circuits.

Figure 1 shows single-walled carbon-nanotube (SWNT)
intramolecular junctions formed by changing the growth
temperature from T, = 900°C to T, = 950°C (Fig. la,c,e), and
from T, =950°C to T, =900°C (Fig. 1b,d,f) during catalytic
chemical vapour deposition (CVD) of ethanol®™. The detailed
growth process is shown in Supplementary Information, part I.
Briefly, a 0.01 M catalyst solution of FeCl; or CoCl, was applied
to one edge of a substrate by microcontact printing. The ethanol
vapour was introduced into the furnace by bubbling 200 s.c.c.m.
Ar through the ethanol. The growth rate of the SWNTs in our
CVD system was around 5ums™". In the figure, the SWNTs grew
from left to right following the gas flow direction. The diameter
evolution along individual ultralong SWNTs was characterized
using a micro-Raman spectroscope (Renishaw 1000) coupled
with a confocal imaging microscope, with an excitation energy of
1.96 eV (632.8 nm) and a 1 wm excitation spot size. The diameters
of individual nanotubes were estimated using the equation:
d = 248 cm™' /wypy, Where wgpy is the radial-breathing-mode
frequency, which was derived for SWNTSs on silicon substrates'?. As
shown in Fig. la,c,e, when the growth temperature was increased
from T, =900°C to T, =950 °C, Raman mapping along a SWNT
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detected a sharp RBM shift from 137.1 to 143.0cm™', which
corresponds to a diameter change from 1.81 to 1.73 nm. In other
words, the diameter of the SWNT decreased by around 4% across
the transition. For convenience, the transition position is marked
as 0 in Fig. lc. In addition, the G, and G_ peaks shifted from
1,592.0cm™ and 1,576.3cm™" to 1,586.7cm™" and 1,572.1cm™,
respectively, but did not change shape, suggesting that the SWNT
remained semiconductive across the transition. We randomly
mapped three individual SWNTs, all of which showed an RBM
shift that corresponded to a decrease in diameter.

It is well known that the diameter (d) of a SWNT is related to
its chirality (specified by (7, m)), which can be described as

d=0.249v/n*+m>+nm/m.
Using this equation and resonant Raman theory", we found that
the chirality of the SWNT in Fig. la,c,e was (14, 12) at T, (ref. 14),
and it changed to (20, 3) at T, after the transition. SWNTs with
different chiralities will exhibit different bandgaps and therefore
different electronic behaviours'®. As a result, the introduction
of a diameter transition on a single nanotube generates an
intramolecular junction. Figure le indicates the formation of a
semiconductor—semiconductor (S-S) junction.

Figure 1b,d,f shows that an abrupt temperature decrease from
T, =950°C to T, =900°C induced an intramolecular junction
in a SWNT. As shown in Fig. 1d, the RBM shifted from 208.6
to 186.6 cm™!, corresponding to a diameter increase from 1.19 to
1.33 nm. This diameter variation can also be confirmed by atomic
force microscopy (AFM) data (see Supplementary Information,
Fig. S4 for details). The G-band—which appeared as two peaks
at 1,542.3 cm™" and 1,586.4 cm™!, and moved forming three peaks
at 1,561.2cm™, 1,576.7cm™' and 1,607.4cm™' (see Fig. 1f)—
indicates that the junction was metallic-metallic (M-M) type.
Raman mappings of three randomly selected individual SWNTs
consistently revealed intramolecular junctions formed by an
increase in diameter.

To verify the repeatability of the formation of intramolecular
junctions induced by a change in temperature, we oscillated the
temperature between 950 and 880 °C three times (see Fig. 2a). Each
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Figure 1 Intramolecular junctions induced by a change in temperature during GVD. a,b, Scanning electron microscopy (Hitachi S-4800) images of a SWNT junction
induced by an increase in temperature from 900 to 950 °C (a) and a SWNT junction induced by a decrease in temperature from 950 to 900 °C (b). The vertical line in a is the
mark on the patterned substrate that was used to locate the SWNTs. The zero on the horizontal axes of a and b refers to the identified positions of the intramolecular
junctions. ¢,d, The shift of the Raman RBM peak along the SWNT in a (¢) and along the SWNT in b (d) with a junction at location 0. Insets: Schematic diagrams of the SWNT
diameter variation with temperature at the junction?. e,f, Raman-RBM-peak and G-peak shift between the SWNT segments grown at 7; = 900°C and T, = 950°C,
respectively (e) and between the SWNT segments grown at 7; =950 °C and T, =900 °C, respectively (f).

oscillation involved cooling from 950 to 880°C in 20s and then
heating back to 950°C in 40s. Individual SWNTs grown during
this process are shown in Fig. 2c. RBM spectra corresponding
to different time—temperature points in Fig.2a are shown in
Fig. 2b. Clearly, the RBM peak position oscillated following
the temperature oscillation. In other words, six intramolecular
junctions were formed. This demonstrates that it is possible to form
arrays of intramolecular junctions using temperature control.

The above results indicate that varying the temperature can
be used as an effective method to tune the diameter and generate
intramolecular junctions along SWNTs. For this method to work
reliably, the diameters of individual SWNTs should stay uniform
when grown under a constant temperature. We mapped a few
dozen SWNTs grown under a constant temperature of 950°C
and found that their diameters indeed stayed uniform along their
length, which is consistent with a previous study’. For example,
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Raman scanning along a 6-mm-long SWNT revealed that the RBM
peak is positioned at 137.2cm™', with a variation of less than
0.4% (see Supplementary Information, Fig. S1). In other words, the
diameter of this SWNT varied less than 0.4% over a length of 6 mm.

A rectifying behaviour was found across an S-S intramolecular
junction. With the aid of Raman positioning, four 50-nm-thick Pd
electrodes were deposited 4 um apart at desired positions along a
SWNT with an S-S junction using a technique involving electron
beam lithography, electron beam deposition and lift-off. Figure 3a
shows an AFM image and a schematic diagram of the positions of
the S-S junction and Pd electrodes. As the Pd—nanotube contact
is ohmic in nature*, the measured current-voltage, I-V, curves
are not affected by the contact barrier. The I;—Vy, (drain-source
current versus drain-source bias voltage) curves of segments S; and
S, were symmetric and the current of segment S, was larger than
that of segment S, at the same bias and gate voltages (Fig. 3b).
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Figure 2 Six intramolecular junctions were induced by three temperature oscillations between 950 and 880 °C during CVD. a, Scheme of temperature oscillation with

time. b, Raman RBM peak positions along a SWNT, each peak corresponds to a time period in a. More information is shown in Supplementary Information, Fig. S6. ¢, An SEM
image of several parallel ultralong SWNTs grown during the temperature oscillation. The scale bar is 100 um.
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Figure 3 AFM image and electrical properties of an SWNT with an S-S intramolecular junction. a, An AFM image and a schematic diagram of an SWNT with an S-S
intramolecular junction connected with four Pd electrodes. The scale bar is 4 um. An AFM image of the diameter variation is shown in Supplementary Information, Fig. S5.
b,c, ls—Vss (b) and /y—V, (c) curves of the three SWNT segments shown in a. The inset in b shows the rectifying behaviour of the intramolecular junction.

In contrast, the I;—Vy, curves across the junction (S,-S,) showed  ~24. Figure 3c shows that the three segments of the nanotube
an asymmetric and rectifying behaviour (Fig. 3b, inset), and the showed different gate-voltage dependence. The on-off current
rectification ratio (RR = current at —1V/current at +1V) was ratios in segments S;, S,-S, and S, were 2.0 x 10%,4.9 x 10° and 75,
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respectively. From the differences in the on-state current and the
on—off current ratio, we can infer that the bandgap in segment
S, was larger than the bandgap in segment S,. The rectifying
behaviour was caused by the barrier formed at the interface of two
different semiconducting nanotubes with different bandgaps.

It is well accepted that the size of a catalyst particle determines
the diameter of the nanotube'. However, in this study, we observed
for the first time that even with the same catalyst particle,
the diameter of a SWNT may vary with changing temperature.
Specifically, higher temperature leads to thinner SWNTs with
the same catalyst particle, and vice versa. The ultralong SWNTs
are believed to grow via the tip-growth mechanism'’, in which
the growing end of the SWNT and the catalyst float above the
substrate. Ethanol molecules dissociate on the surface of the
catalyst particle, releasing active carbon atoms that dissolve into the
catalyst and precipitate to form a tubular SWNT. The nanotube
diameter is largely controlled by the size of the catalyst particle,
and remains uniform under a constant temperature. However, if
the temperature changes during the growth of a SWNT, the shape
of the catalyst particle may change owing to the change of the
carbon solubility in the catalyst and the change of the interfacial
energy between the catalyst and the SWNT. In addition, a SWNT
can be viewed as a rolled-up seamless graphene sheet. Smaller
diameter leads to higher strain energy in the wall of the SWNT®*.
Higher temperature reduced the stiffness of the graphene sheet and
consequently favours the formation of smaller SWNTs.

We also found that statistically most intramolecular junctions
are S-S type or M-M type. Only a small fraction (<5%) of the
junctions investigated here are S—-M or M-S type. This observation
indicates a potential possibility to selectively grow SWNTs with
desired conducting properties. Further study is under way to
investigate the mechanism for this observation.

In summary, we have discovered an effective method,
temperature variation, to grow SWNTs with intramolecular
junctions in a controlled way. This is achieved due to a
phenomenon observed for the first time in this study: the diameter
of a growing SWNT becomes smaller at higher temperature,
and vice versa, even though the catalyst particle at the growing
tip remains the same. Intramolecular junctions in SWNTs
reported previously were formed mostly coincidentally without
any control>>®. Using the strategy reported here, it is feasible to
grow SWNT intramolecular junctions at designated places and to
grow arrays of junctions by heating the substrate locally using
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infrared light during CVD in a way similar to lithography. This is
the first step towards developing next-generation, carbon-nanotube
based devices and circuits, such as field-effect transistors, sensors,
nanoelectromechanical systems and so on.
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