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* Leveraging the unique properties of single-walled carbon nanotube (SWNT) intramolecular junctions

(IMJs) in innovative nanodevices and next-generation nanoelectronics requires controllable, repeatable,
and large-scale preparation, together with rapid identification and comprehensive characterization
of such structures. Here we demonstrate SWNT IMJs through directly growing ultralong SWNTs
on trenched substrates. It is found that the trench configurations introduce axial strain in partially
suspended nanotubes, and promote bending deformation in the vicinity of the trench edges. As a
result, the lattice and electronic structure of the nanotubes can be locally modified, to form IMJs in
the deformation regions. The trench patterns also enable pre-defining the formation locations of
SWNT IMJs, facilitating the rapid identification. Elaborate Raman characterization has verified the
formation of SWNT IMJs and identified their types. Rectifying behavior has been observed by electrical
measurements on the as-prepared semiconducting-semiconducting (S-S) junction.

In modern electronics, junctions are serving as one of the key components, by both providing reliable intercon-
nections and acting as functional building blocks. In traditional electronics, however, these junctions are in the
scale of micrometer, which limits the device density and hinders the miniaturization of electronic circuits. In view
of this, intramolecular junctions (IMJs) - the junctions existing in single molecules, are the promising candidates
for functional elements in molecular electronics., Their development has been regarded as the ultimate path to
drive the miniaturization beyond the limits of integrated circuits2

Among all forms of IMJs, the ones based on single-walled carbon nanotubes (SWNTs) have been most widely
and intensely studied®*. SWNTs are one-dimensional macromolecular systems that possess superior electronic,
physical, chemical, and mechanical properties®. In particular, their high carrier mobility®, high on-off ratio’, and
high current carry capacity® render them attractive candidates for achieving high-performance nanoelectronics. A
wide range of electronic applications have been proposed, including field-effect transistors (FETs)?, ultra-sensitive
chemical- & bio-sensors!®!!, interconnects'?, and transparent conductive membranes'®. Depending on the diam-
eter and chirality, SWNTs can be classified as either metallic or semiconducting tubes'*, which show distinct
electrical transport behavior. Metallic SWNTSs possess high carrier mobility, which is equivalent to that of highly
conductive metals, suggesting that they would make ideal interconnects in nanoelectronics. At the same time, the
intrinsic characteristics of the semiconducting SWNTs, as controlled by their topology, allow us to build func-
tional devices in nanometer scale'®. In this regard, there is great interest in fabricating SWNT-based junctions
with different structures and properties, by seamlessly joining two or more SWNT segments together.

In spite of great potential of SWNT IMJs, there remain tremendous challenges that hamper their wide appli-
cations, and one of the challenges is their controllable synthesis. IM]Js could be formed from intrinsic topological
defects generated during the conventional SWNT growth, but unfortunately those topological defects are ran-
domly distributed in SWNTs and hard to be identified, not to mention controlling their effects on the properties
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Figure 1. Preparation of SWNT IM]Js through controlled CVD process. (a) Schematic diagram showing

the preparation of SWNT IM]Js. The magnified view clearly shows an individual SWNT lying across a trenched
structure, the middle segment of the nanotube is in contact with the trench bottom. (b) SEM image showing
oriented SWNTs grown on a trenched Si/SiO, substrate. (¢) An ultralong SWNT lies partially suspended across
a 20 pm wide and 2 pm deep trench. Segments of the nanotube are distinguished and indicated in the image.

(d) Zoom-in SEM observation of the trench edge; the trans segment of the tube is highlighted with black dot circle.

of SWNTs. Various other synthesis methods have also been proposed, including electron or ion irradiation’®,
e-beam welding'’, and chemical'® & electrostatic'® doping. Again, most of those IMJs were obtained by chance,
thus it is difficult to fabricate stable SWNT IM]Js in a controllable and high-yield manner. In addition, identifying
or characterizing the as-obtained IMJs in an accessible way has been regarded as another significant challenge
in studying SWNT IMJs. Traditional characterization tools, such as scanning electron spectroscopy (SEM) and
atomic force microscopy (AFM), relatively lack high resolution requested for the identification of the topological
defects in SWNTs. The atomic structure of SWNT IM]Js has been directly imaged by scanning tunneling micros-
copy (STM)? and high-resolution transmission electron microscopy (HRTEM)?!, but the low mass elements
severely limit the availability of these two instruments in rapid identification of SWNT IM]Js over a large length
scale. Most recently, resonance Raman spectroscopy; a technique probing the vibrational properties of the nano-
tubes, has been proven to be a powerful tool in SWNT research?. It is much more convenient compared to STM
and HRTEM, because it is non-contact and non-destructive, can be operated at room temperature under ambient
environment, and is capable of providing valuable insights into the diameter and chirality of a single nanotube.
However, when Raman spectroscopy alone is used to study isolated SWNTTs, especially for characterizing the
SWNT IMJs, the process is time-consuming due to Raman’s narrow resonance window.

In this paper, we present an advanced strategy to controllably prepare SWNT IMJs on a large scale. Our
approach involves growing ultralong SWNTs via a chemical vapor deposition (CVD) process on trenched sub-
strates to intentionally induce strains and bending deformation in individual SWNTs. Since the CVD growth of
ultralong and well-oriented SWNTs follows the empirical “floating growth” mode?, the SWNTs are capable of
flying over the patterned substrate and eventually lying suspended across a series of trenches. These trenches will
introduce designed strains in the partially suspended nanotubes and induce mechanical deformations, which will
locally distort the nanotubes’ lattice and modify their electronic structure, resulting in the formation of SWNT
IMJs. The trenches also define the as-prepared IMJs’ locations - in the vicinity of the trench edges. By taking the
trenches as markers, we utilized Raman spectroscopy to rapidly and precisely identify the SWNT IMJs and com-
prehensively investigate their properties.

Results

Preparation of SWNT IMJs.  Figure 1a schematically illustrates the preparation process of SWNT IMJs. The
Si/SiO, substrate for SWNT IM]Js synthesis was patterned with 20 um wide and 2 pm deep trench stripes; the spac-
ing between two adjacent trenches was 200 pm. After applying the catalyst precursor at one end of the substrate,
CVD was carried out to grow ultralong SWNT arrays on the trenched substrate. SEM image in Fig. 1b shows the
SWNT arrays stemming from the catalyst region and elongating downstream while crossing the trenches. All
SWNTs are lying in parallel; the separation between any two adjacent SWNTs is wider than 100 um, which is wide
enough for carrying out Raman spectroscopy on spatially isolated nanotubes. The high-magnification SEM image
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Figure 2. Raman characterization of SOS segments of an individual SWNT. (a) Typical G band map (inset)
of the SOS segment of one isolated as-grown SWNT, with 514 nm excitation wavelength. A representative
Raman spectrum acquired from a single spot of the SOS segment exhibits strong Raman features of RBM, D
band, G band, and G’ band. (b) Schematic diagram of Raman characterization of different SOS segments of
the specific SWNT. (c) Evolution of Raman features along the nanotube length. The series of Raman spectra
were acquired as the 514 nm laser beam moving along the nanotube axis. The labels (#A-#D) indicate different
locations on the Si/SiO, substrate, referring to (b).

(Fig. 1c) shows a representative individual SWNT, which extends over 1 ¢cm in length, spanning across a trenched
structure. Due to the small aspect ratio (ratio between the height and the width) of the trench, the SWNT lies
partially suspended on top of the trench, while its middle portion contacts with the trench bottom. Thus, the
individual nanotube can be clearly identified as three different segments: the sitting-on-substrate segment (SOS),
the transition segment (trans, in the vicinity of the trench edge), and the suspended segment (SUS) that consists
of the suspended portion and the stuck portion, as indicated in the SEM images. Figure 1d shows the trench edge
region with a higher magnification, from where the trans segment can be clearly identified. Due to the different
charging environment?, the SOS segment appears brighter and wider than the SUS segment at the acceleration
voltage of 1 kV.

Characterization of individual SWNTs. To validate that IMJs have been generated in the SWNTs, it
is important to make sure that we are handling with isolated SWNTs instead of thin bundles, and the studied
SNWTs are relatively defect-free. Because only after eliminating other possibilities such as tube-tube interaction
that may affect the tube structure and properties, we can attribute the changes in tube structure and properties to
the formation of IMJs. Thus, the structure and properties of the as-grown SWNTs were carefully characterized
using Raman spectroscopy in the first place.

At single nanotube level, resonance Raman measurements were performed on the SOS segments of a repre-
sentative ultralong SWNT (longer than 1cm), with 514 nm laser excitation. From the Raman map that was
obtained from the integrated intensity around the G band (see the inset of Fig. 2a), the SWNT can be spatially
resolved. To study its characteristics, Raman spectrum was collected from a single spot (more than 1 mm away
from the catalyst region) of the nanotube, as shown in Fig. 2a. The Raman spectrum exhibits a single radial
breathing mode (RBM) centered at 126 cm™?, with a linewidth (full width at half maximum, FWHM) of 8cm™!,
we thus obtained d, of 1.97 nm by using the correlation d, = 248/wgg) for nanotubes grown on Si/SiO, substrates?.
By comparing with the Kataura plot, this nanotube is tentatively assigned to the (22, 5) semiconducting tube?,
whose optical transition energy ES, is in resonance with the 2.41 eV laser excitation energy. The intense G band of
the nanotube displayed in Fig. 2a can be fitted by two Lorentzians, with one peak at 1596 cm™! (FWHM =7cm™!)
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for the G™ component and the other peak at 1586 cm™! (FWHM =9 cm™?) for the G~ component. This G band
feature further corroborates the semiconducting nature of the nanotube?’, which is consistent with the RBM
assigning. Besides, the narrow linewidths of the two G band components indicate that the Raman spectrum is
taken from an isolated SWNT rather than a thin bundle?. D band is hardly observed in the Raman spectrum,
which implicates the high quality of the examined nanotube®. Moreover, a single sharp and symmetric Lorentzian
peak is observed at 2694 cm ™! (FWHM =34 cm™!), which can be assigned to the G’ band arising from a double
resonance process®’. The symmetric line shape, narrow linewidth, and high intensity of the G’ band signify that
the examined nanotube is an isolated SWNT, rather than a double-walled nanotube (DWNT) or a thin bundle of
SWNTs*.

In order to provide additional evidence that the examined ultralong nanotube is an isolated SWNT, we further
mapped the nanotube using SEM and AFM over a large area; only one nanotube was observed in both SEM and
AFM measurements. Tapping mode AFM imaging was performed on an SOS segment for a total length of 200 um;
the AFM image (Supplementary Fig. S1a) shows a 30 um portion of the probed SOS segment. A detailed image
of the nanotube was obtained by a zoom-in scan (see the magnified AFM image of Supplementary Fig. S1b). The
corresponding height profile (Supplementary Fig. S2¢) indicates the diameter of the nanotube is around 1.9 nm,
consistent with our Raman calculation.

Chiral and dimensional uniformity. The probed isolated SWNT (longer than 1 cm) lies partially on the
Si/Si0, substrate spanning across plenty of 20 pm wide and 2 pm deep trenches along its length, as sketched in
Fig. 2b, which allows us to evaluate its chiral and structural uniformity. A series of Raman spectra were acquired
at different on-substrate locations (denoted as i.e. A, B, C, and D, in Fig. 2b), as the laser beam was scanned along
the nanotube axis. The corresponding evolutions of the Raman features are presented in Fig. 2c. Both the RBMs
and the G bands maintain their wavenumbers and line shapes at all spots, indicating a high degree of chiral and
structural uniformity along this SWNT. The AFM height profiles acquired along the tube length also show a high
consistency in the nanotube diameter (1.85~1.95nm), which provides additional indication of a uniform individ-
ual SWNT?! The good chiral and dimensional uniformity of the nanotube along its length offers the possibility of
controllable creation of SWNT IMJs in desired locations.

Identification and characterization of SWNT IMJs. We continuously mapped the (22, 5) nanotube
across a 20 pm wide and 2 um deep trench, using the laser excitation of Ey,,, =2.41 eV. Figure 3a shows a Raman
image (generated by G band intensity) of the partially suspended SWNT superimposed on an optical image
where the trenched structure is visible. The corresponding SEM image provides additional spatial information
about the nanotube and the trench. The aforementioned “SOS’, “trans’, and “SUS” segments are clearly discernible
from the substrate to the trench along the tube length.

Guided by this Raman image, Raman spectra were acquired from each region and displayed in sequence for
comparison (Fig. 3b). The RBM shows a frequency downshift by 2.5cm™! from SOS segment to SUS segment,
while no obvious RBM signal is detected from the trans segment. This downshift in RBM frequency is in agree-
ment with the previous reports®>*?, which is attributed to the radial deformation of the nanotube induced by
tube-substrate interactions by distorting the nanotube cross section from a circle to an ellipse. In addition, the
linewidth of the RBM is reduced significantly in the SUS segment (5cm™!) compared with the SOS segment
(8 cm™1), which is expected to be the result of a relatively undisturbed environment for the SUS segment®. Since
the RBM is highly sensitive to the resonance condition, the loss of RBM in the trans segment suggests a struc-
tural change, which turns the nanotube into “off resonance” state with the laser excitation. Based on the drastic
evolution of the RBMs in the three regions, we speculate that an IM] may have been formed in the trans segment.

The higher-frequency Raman features also undergo a drastic change through the three segments. The G band
of the SOS segment shows a semiconducting line shape, with G* peak at 1596 cm ™! and G~ peak at 1586 cm ™,
respectively (Fig. 3b, right). As the laser beam moves towards the trench, although the nanotube sustains its sem-
iconducting characteristic, the frequency of G* band downshifts from 1596 cm™! for the SOS segment to
1589 cm™! for the trans segment and further to 1585 cm™! for the SUS segment. Similar frequency downshift is
observed from G~ band as well-from 1586 cm™~! (SOS) to 1577 cm™! (trans) and further to 1567 cm~! (SUS).
Potential factors, such as doping, thermal effect, and strain, may result in continuous frequency downshift in G
band?>-%. First of all, the doping effects, including intentional doping, contaminant, or electron transfer from the
substrate, do not have significant influence on such large amount of downshifts as demonstrated in our previous
work®. Secondly, in order to examine the possible thermal effect induced by laser illumination, we performed a
set of Raman imaging (Ej,.., = 2.41 eV) of an individual SWNT lying across a trenched structure (20 pm wide and
2pm deep) at different laser power levels under identical other conditions. The results suggest that the laser power
effect is negligible in our work (see Supplementary Discussion and Supplementary Fig. S2). The third possibility
of the frequency downshift is due to the “self-built” tensile strain, existing in the SWNTs decorated with graphite
dots®. However, there was no graphite dot decorated on our SWNT, as observed in the magnified AFM and SEM
images; this verifies that the so-called “self-built” tensile strain does not exist in our SWNT sample. Therefore,
strains induced by the trenched structure should be accounted for the frequency downshift of G band. This is very
reasonable, because as reported previously, the G* peak frequency could be pushed down by 40 cm™! to lower
frequency under a strain of 1.65%*. The effect of strain on the G* peak frequency was monitored in different
locations along the tube axis. As shown in the upper panel of Fig. 3¢, w+ stays almost invariant for SOS segment,
falls precipitously within the trans region (2~3 pm away from the trench edge at both sides), and then plateaus
with very small fluctuations (<2 cm™!) for the SUS segment. This suggests that the SWNT was drastically
stretched by the strain, resulting in elongation in the C-C bonds along tube axis and reduction of the bond energy.

We further investigated the detailed G band feature obtained from the trans segment. The G band of the trans
segment can be fitted by five Lorentizian peaks (Fig. 3d), unlike the G band profiles of the SOS and SUS segments,
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Figure 3. Identification and characterization of SWNT IMJs. (a) Raman map of the (22, 5) nanotube lying
partially suspended on one 20 pm wide and 2 pm deep trench. The optical image shows the geometric
configuration of the trench. SEM image provides additional spatial information about the nanotube and the
trench. The three regions can be clearly differentiated from the Raman map and SEM image, as respectively
indicated as “SOS”, “trans’, and “SUS”. (b) Comparison of Raman features obtained from SOS, trans, and SUS
segments respectively, showing evolutions through the three regions (Ej,, =2.41eV). (¢) wg+ (top panel) and
I/1; ratio (bottom panel) versus positions along the axis of the nanotube across a trench. The middle point of
the trench (along the trench width) is set as zero, the positions at “—10pum” and “10 pm” imply the two edges of
the trench. (d) Specific analysis of the G band taken from the trans segment, using Lorentzian function fitting.
The experimental profile (black line), each fitting Lorentzian profile (green line), and the calculated total profile
(red line) are displayed respectively.

which only consist of two components. Previous studies reported that due to the nanotube curvature effects, up
to six G modes are Raman allowed in SWNTs?. In particular, polarized Raman studies of SWN'Ts revealed that,
for semiconducting tubes, the G band profile can be de-convolved into four intrinsic components with the follow-
ing symmetries:w E;[Ez(Ezg)}, wi|A(AL) + E((B) ] wiAA) + E(Ey)} and w E+2[ E,( Ezg)}zu. Thus, we can
assign the two peaks located at 1589 cm™! (6cm ™) and 1577 cm ™! (4cm ™) to the G™ and G~ modes, respectively.
The two wide shoulders on the low-frequency side (1568 cm™! (16 cm™!)) and high-frequency side (1594 cm™!
(14cm™1)) are assigned to E,, and E,; phonon modes, respectively. The appearance of new G components sug-
gests that, in addition to uniaxial strain, bending deformation may also have been induced in the SWNT at the
edge of the trench (trans segment region). Because the uniaxial strain does not change the numbers of Raman
modes*?, while the predominant effect of the bending deformation on Raman spectra of SWNTs is to increase the
number of active Raman modes®. Intriguingly, a new component at ~1619cm™" (26 cm™~!) emerges as a shoulder
of the G profile in this region, which is normally termed as D’ band in graphitic materials*. It is well established
that the D’ band is a defect-induced double resonance feature in CN'Ts*. As a consequence, its appearance implies
the presence of disorders and defects in the trans segment.

Another striking observation is that a strong D band situated at 1349 cm™! is activated in the Raman spec-
trum taken from the trans segment (Fig. 3b). D band comes from second-order double resonance processes and
becomes prominent when the nanotube’s lattice symmetry is broken by disorders and defects*. By taking the
intensity ratio of D band and G band (Ip,/I;) as the fingerprint for disorders in SWNTs, we plotted the I/I; ratio
along the tube axis, as shown in Fig. 3¢ lower panel. The I/I;; ratio ascends from SOS segment to trans segment,
culminates in the trans region, and then descends to zero in the SUS segment. The disappearance of D band of
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Figure 4. Individual SWNT lying fully suspended across a narrow and deep trench. (a) SEM image of

an individual SWNT growing across a 10 pum wide and 10 um deep trench. (b) Magnified view showing the
nanotube is fully across the trench, without touching the trench bottom. (c) 3D schematic configuration of
the fully suspended SWNT. (d) Evolution of Raman spectra obtained from the three segments. Active Raman
modes (RBM and G band) respectively sustain the frequency almost un-shifted and feature line shape un-
changed.

the SUS segment implies this nanotube is intrinsically defect-free. The pronounced D band of the trans segment
signifies that disorders and defects have been generated in the trans segment of the SWNT, which is consistent
with the analyses of the G band feature of trans segment. Thus we can conclude that a junction has been formed
between the SOS and SUS portions, as a result of the mechanical deformation in this region®. In addition, by
reviewing the transition in the line shape of the G band along the nanotube (from SOS to SUS), we identified this
IM] as a semiconducting-semiconducting (S-S) junction. This IMJ also exhibits an asymmetric nonlinear feature
in current-voltage (I—V) curve (Fig. S$4), similar to that of a rectifying diode.

Discussion
It is well accepted that ultralong SWNTs float above the substrate during the growth and then settle down at a
later time*”. In the presence of trenched structures on the substrates, as SWNTs adhere to the contours of the sub-
strate, they are zipped at the trench edges, due to the height difference between the top flat surface and the trench
bottom; this “zipping motion” induces tensile strain in the SWNTs*. Such an induced strain is only about 0.5%
calculated from Raman shift**%. Besides, because of the trench geometry, the middle portion of the SUS segment
is bound to the surface due to the strong adhesion energy*®. A previous study predicted the tremendous axial
strain induced by the van der Waals interaction between the stuck tube portion and the trench bottom®. Based
on the established model, we were able to estimate that a strain of 0.9% has been induced in our probed nanotube
portion (see Supplementary Information for detailed calculation). In either case, the strain is far below the thresh-
old of SWNT'’s plastic deformation®, thus is not the only reason for the generation of disorders in the tube lattice.
The formation mechanism of IMJs was then explored by using different trenched structures. We intentionally
grew an ultralong SWNT across a 10 um wide and 10 um deep trenched structure (narrower and deeper), as
shown in Fig. 4a. A zoom-in SEM image in Fig. 4b reveals the portion inside the trench, which looks perfectly
straight and taut, suggesting that the nanotube is fully suspended across the trench without touching the lower
substrate (Fig. 4c). With this “narrow and deep” configuration, we ensured that the nanotube is solely subject to
strains induced by the “zipping effect” at the trench edges. Raman spectra were respectively collected from the
three segments with 514 nm laser excitation and are displayed in Fig. 4d. First of all, the RBM at 144.4 cm ! nei-
ther shifts its frequency nor changes its profile with the move of laser spot position along the tube axis. Secondly,
from SOS to trans further to SUS, the G band sustains its line shape, while w+ only downshifts by 2cm™ from
SOS (at 1590 cm ™) to SUS (at 1588 cm ™). Finally, the D band is invisible in all these three spectra, even in the
spectrum taken from the trans segment. From a detailed statistic study by varying the trench width from 10 pm
to 100 pm and the trench depth from 1pm to 10 um, we always found the successful formation of IMJs for

SCIENTIFIC REPORTS | 6:38032| DOI: 10.1038/srep38032 6



www.nature.com/scientificreports/

partially suspended SWNTs, but there was no obvious change in line shape for fully suspended SWNTs, even
occasionally large Raman shift (~10 cm™") were observed?®.

Therefore we can now conclude that the axial strain together with the bending deformation enables the forma-
tion of IMJs. The axial strain propagates along the tube axis, drags the suspended portion downwards, and thereby
promotes the bending deformation of the SWNT at the edge of the trench. As a result, the outer side of the nano-
tube segment is stretched while its inner side is compressed, which is in analogous to the scenario of using an
AFM tip to push a suspended SWNT®!. The resultant bending angle was around 16° (equal to the contact angle in
magnitude). Under such large bending deformation, the local lattice symmetry of the nanotube is severely dis-
torted because the C-C bonds are elongated for the outer side and shortened for the inner side. Then a transition
from sp? to sp® in the bonding configuration occurs in the local bending region®.. The localized disorders further
affect the density of states (DOS) at the Fermi level, thus tuning the band gap of the nanotube and forming a
junction in the deformation region**2 The proposed formation mechanism has been further validated by study-
ing other trenched structures, where the middle portion of the spanning SWNT is in contact with the trench
bottom. Given that w;+ shift and I/I; ratio variation provide great information in identifying the as-fabricated
IMJs, we have explored the trend of these two factors along the tube axis. As seen from the four typical results
exemplified in Supplementary Fig. S5, w+ always starts downshifting and I,/I;; ratio always reaches its peak value
in the trans region, indicating the universality of SWNT IM]Js formation at the trench edges. In addition, the
amount of strain and extent of bending deformation induced to the SWNT can be simply adjusted by varying the
geometrical parameters of the trenched structures, which points out the possibility of forming IMJs with diverse
mechanical and electrical properties in one-batch production®>*,

In summary, we have demonstrated a simple, straightforward, and reliable method for controllable prepara-
tion of SWNT IMJs. This has been asserted by growing ultralong SWNTs on trenched Si/SiO, substrates. With
a combination of SEM, AFM, Raman spectroscopy, and electrical measurement, the formation of SWNT IM]Js
has been verified. Elaborate characterizations of the IM]Js attributed the formation mechanism to the axial strain
and bending deformation. The trenched structures employed here possess tremendous advantages. Firstly, they
provide a feasible, controllable, and robust way of synthesizing SWNT IM]Js. Secondly, the geometry of the trench
defines specific formation location, facilitating the identification and characterization of the IMJs. Finally, the
structures and properties of the IMJs can be modulated by adjusting the geometrical parameters of the trenches,
promising an approach to fabricate different types of IMJs at the same time. Our research into the IMJs is directed
toward fostering the fabrication of innovative nanodevices and improving the integration of nanoelectronics.

Methods

Fabrication of trenched structures on flat Si/SiO, substrate. Stripe patterns were firstly developed
on the surface of Si/SiO, substrates using a standard photolithographic technique, where the 1 pm of SiO, layer
was thermally grown on the 4 inch Si wafer. In the following step, trenched structures were created by using deep
reactive ion etching (RIE) process. After removing the photoresist, the trenched substrates are ready for SWNT
growth. The width of the trenched structures was recorded from the mask design, while the depth could be
increased from 1 to 10 pm by elongating the etching time.

Synthesis of SWNT IMJs. By applying catalyst precursors on the top surface of the as-fabricated trenched
substrates, CVD process was carried out to grow ultralong SWNTs lying across trenches, for the purpose of
controllably preparing IMJs (Fig. 1a). To introduce strains and generate defects in isolated nanotubes instead of
thin bundles, sparse SWNT arrays with wide separation are better candidates in this study. As discussed in our
previous work®®, the density of the SWNT arrays can be greatly affected by the growth conditions. In this regard,
we set the growth recipe as: 0.01 M FeCl; ethanol solution serving as the catalyst precursor was reduced to Fe
nanoparticles under 120 sccm of Ar and 30 sccm of H, gas mixture at 950 °C and ambient pressure. After 20 min
of reduction, the growth of SWNTs was triggered by introducing the carbon source (20 sccm of ethanol vapor,
bubbled by Ar stream at 20 °C) into the gas flow, while switching Ar and H, to 4 sccm and 6 sccm simultaneously.
The growth process continued for 40 min at 950 °C, and eventually the furnace was cooled to room temperature
under Ar stream.

Identification and characterization of SWNT IMJs. SEM (Jeol, JSM-7600F) was utilized to reveal the
morphology of SWNTs over a large area. SEM images were taken at 1kV acceleration voltage. AFM (Asylum
Research, Cypher AFM) in tapping mode was as well employed to display SWNT morphology in 2D images.
The AFM height profile can provide information of the SWNT diameters. Raman images and spectra of SWNTs
were collected with a confocal Raman system (Renishaw, inVia Raman microscope) at room temperature, using
three laser lines as the excitation source: 633 nm (HeNe, Renishaw, RL633), 514 nm and 488 nm (Ar™, Stellar-Ren,
Modu laser, LLC). The spectrometer was equipped with a 100 x microscope objective (Leica, NA =0.85) and an
X-Y translation stage. Laser beam was focused on the sample through the microscope objective, providing a 1 pm
excitation spot size. The laser power on sample (measured by a power meter) was kept below 0.5 mW to avoid the
heating effect. Raman imaging and Raman spectra were taken in the backscattering configuration.

References
1. Yao, Z., Postma, H. W. C., Balents, L. & Dekker, C. Carbon nanotube intramolecular junctions. Nature 402, 273-276 (1999).
2. Shulaker, M. M. et al. Carbon nanotube computer. Nature 501, 526-530 (2013).
3. Yao, Y. et al. Temperature-mediated growth of single-walled carbon-nanotube intramolecular junctions. Nat. Mater. 6, 283-286
(2007).
4. Wei, D. & Liu, Y. The intramolecular junctions of carbon nanotubes. Adv. Mater. 20, 2815-2841 (2008).
5. Baughman, R. H., Zakhidov, A. A. & de Heer, W. A. Carbon nanotubes-the route toward applications. Science 297, 787-792 (2002).

SCIENTIFICREPORTS | 6:38032 | DOI: 10.1038/srep38032 7



www.nature.com/scientificreports/

10.
11.

12.
13.

14.
15.
16.

17.
18.

19.
20.

21.

. Rao, A. M. et al. Diameter-selective Raman scattering from vibrational modes in carbon nanotubes. Science 275, 187-191 (1997).
23.

33.
34.
35.
36.

37.
38.

39.
40.

44,
45.
46.
47.
48.
49.
50.
51.

52.
53.

54,

55.

. Diirkop, T., Getty, S. A., Cobas, E. & Fuhrer, M. S. Extraordinary mobility in semiconducting carbon nanotubes. Nano Lett. 4, 35-39

(2004).

. Javey, A. et al. High-kappa dielectrics for advanced carbon-nanotube transistors and logic gates. Nat. Mater. 1, 241-246 (2002).
. Yao, Z., Kane, C. L. & Dekker, C. High-field electrical transport in single-wall carbon nanotubes. Phys. Rev. Lett. 84, 2941-2944

(2000).

. Tans, S. J., Verschueren, A. R. M. & Dekker, C. Room-temperature transistor based on a single carbon nanotube. Nature 393, 49-52

(1998).

Salila Vijayalal Mohan, H. K., An, J., Liao, K., Wong, C. H. & Zheng, L. Detection and classification of host-guest interactions using
B-cyclodextrin-decorated carbon nanotube-based chemiresistors. Curr. Appl. Phys. 14, 1649-1658 (2014).

Salila Vijayalal Mohan, H. K., An, J., Zhang, Y., Wong, C. H. & Zheng, L. Effect of channel length on the electrical response of carbon
nanotube field-effect transistors to deoxyribonucleic acid hybridization. Beilstein J. Nanotechnol. 5, 2081-2091 (2014).

Li, J. et al. Bottom-up approach for carbon nanotube interconnects. Appl. Phys. Lett. 82,2491-2493 (2003).

Zhang, D. et al. Transparent, conductive, and flexible carbon nanotube films and their application in organic light-emitting diodes.
Nano Lett. 6, 1880-1886 (2006).

Avouris, P. Molecular electronics with carbon nanotubes. Acc. Chem. Res. 35, 1026-1034 (2002).

Avouris, P, Chen, Z. & Perebeinos, V. Carbon-based electronics. Nat. Nanotechnol. 2, 605-615 (2007).

Krasheninnikov, A. V., Nordlund, K., Sirvio, M., Salonen, E. & Keinonen, J. Formation of ion-irradiation-induced atomic-scale
defects on walls of carbon nanotubes. Phys. Rev. B 63, 245405 (2001).

Terrones, M. et al. Molecular junctions by joining single-walled carbon nanotubes. Phys. Rev. Lett. 89, 075505 (2002).

Zhou, C., Kong, J., Yenilmez, E. & Dai, H. Modulated chemical doping of individual carbon nanotubes. Science 290, 1552-1555
(2000).

Lee, J. U, Gipp, P. P. & Heller, C. M. Carbon nanotube p-n junction diodes. Appl. Phys. Lett. 85, 145-147 (2004).

Ouyang, M., Huang, J.-L., Cheung, C. L. & Lieber, C. M. Atomically resolved single-walled carbon nanotube intramolecular
junctions. Science 291, 97-100 (2001).

Suenaga, K. et al. Imaging active topological defects in carbon nanotubes. Nat. Nanotechnol. 2, 358-360 (2007).

Huang, S., Woodson, M., Smalley, R. & Liu, ]. Growth mechanism of oriented long single walled carbon nanotubes using “fast-
heating” chemical vapor deposition process. Nano Lett. 4, 1025-1028 (2004).

. Kasumov, Y. A., Khodos, I. I, Kociak, M. & Kasumov, A. Y. Scanning and transmission electron microscope images of a suspended

single-walled carbon nanotube. Appl. Phys. Lett. 89, 013120 (2006).

. Jorio, A. et al. Structural (n,m) determination of isolated single-wall carbon nanotubes by resonant Raman scattering. Phys. Rev.

Lett. 86, 1118-1121 (2001).

. Strano, M. S. Probing chiral selective reactions using a revised Kataura plot for the interpretation of single-walled carbon nanotube

spectroscopy. J. Am. Chem. Soc. 125, 16148-16153 (2003).

. Jorio, A. et al. G-band resonant Raman study of 62 isolated single-wall carbon nanotubes. Phys. Rev. B 65, 155412 (2002).

. Jorio, A. et al. Linewidth of the Raman features of individual single-wall carbon nanotubes. Phys. Rev. B 66, 115411 (2002).

. Jorio, A. et al. Characterizing carbon nanotube samples with resonance Raman scattering. New J. Phys. 5, 139 (2003).

. Dresselhaus, M. S., Dresselhaus, G., Jorio, A., Souza Filho, A. G. & Saito, R. Raman Spectroscopy on isolated single wall carbon

nanotubes. Carbon 40, 2043-2061 (2002).

. Doorn, S. K. et al. Raman spectral imaging of a carbon nanotube intramolecular junction. Phys. Rev. Lett. 94, 016802 (2005).
. Zhang, Y., Zhang, J., Son, H., Kong, J. & Liu, Z. Substrate-induced Raman frequency variation for single-walled carbon nanotubes.

J. Am. Chem. Soc. 127, 17156-17157 (2005).

Zhang, Y. et al. Raman spectra variation of partially suspended individual single-walled carbon nanotubes. J. Phys. Chem. C 111,
1983-1987 (2007).

Son, H. et al. Environment effects on the Raman spectra of individual single-wall carbon nanotubes: suspended and grown on
polycrystalline Silicon. Appl. Phys. Lett. 85, 4744-4746 (2004).

Tsang, J. C., Freitag, M., Perebeinos, V., Liu, J. & Avouris, P. Doping and phonon renormalization in carbon nanotubes. Nat.
Nanotechnol. 2, 725-730 (2007).

Zhang, Y., Son, H., Zhang, J., Kong, J. & Liu, Z. Laser-heating effect on Raman spectra of individual suspended single-walled carbon
nanotubes. J. Phys. Chem. C 111, 1988-1992 (2007).

Liu, Z., Zhang, J. & Gao, B. Raman spectroscopy of strained single-walled carbon nanotubes. Chem. Commun., 6902-6918 (2009).
An, J. et al. Trench structure assisted alignment in ultralong and dense carbon nanotube arrays. J. Mater. Chem. C 3, 2215-2222
(2015).

Gao, P. et al. Self-built tensile strain in large single-walled carbon nanotubes. ACS Nano 4, 992-998 (2010).

Cronin, S. B. et al. Measuring the uniaxial strain of individual single-wall carbon nanotubes: resonance Raman spectra of atomic-
force-microscope modified single-wall nanotubes. Phys. Rev. Lett. 93, 167401 (2004).

. Jorio, A. et al. Polarized Raman study of single-wall semiconducting carbon nanotubes. Phys. Rev. Lett. 85, 2617-2620 (2000).
. Wu, G,, Zhou, J. & Dong, J. Raman modes of the deformed single-wall carbon nanotubes. Phys. Rev. B 72, 115411 (2005).
. Malola, S., Hakkinen, H. & Koskinen, P. Effect of bending on Raman-active vibration modes of carbon nanotubes. Phys. Rev. B 78,

153409 (2008).

Pimenta, M. A. et al. Studying disorder in graphite-based systems by Raman spectroscopy. Phys. Chem. Chem. Phys. 9, 1276-1290
(2007).

Tan, P. et al. Probing the phonon dispersion relations of graphite from the double-resonance process of Stokes and anti-Stokes
Raman scatterings in multiwalled carbon nanotubes. Phys. Rev. B 66, 245410 (2002).

Dresselhaus, M. S., Dresselhaus, G., Saito, R. & Jorio, A. Raman spectroscopy of carbon nanotubes. Phys. Rep. 409, 47-99 (2005).
Zheng, L. X. et al. Ultralong single-wall carbon nanotubes. Nat. Mater. 3, 673-676 (2004).

Marcus, M. S., Simmons, J. M., Baker, S. E., Hamers, R. ]. & Eriksson, M. A. Predicting the results of chemical vapor deposition
growth of suspended carbon nanotubes. Nano Lett. 9, 1806-1811 (2009).

Son, H. et al. Strain and friction induced by van der Waals interaction in individual single walled carbon nanotubes. Appl. Phys. Lett.
90, 253113 (2007).

Liu, L., Jayanthi, C. S. & Wu, S. Y. Structural and electronic properties of a carbon nanotorus: effects of delocalized and localized
deformations. Phys. Rev. B 64, 033412 (2001).

Tombler, T. W. et al. Reversible electromechanical characteristics of carbon nanotubes under local-probe manipulation. Nature 405,
769-772 (2000).

Minot, E. D. et al. Tuning carbon nanotube band gaps with strain. Phys. Rev. Lett. 90, 156401 (2003).

Chowdhury, S. C., Haque, B. Z. & Gillespie Jr, ]. W. Molecular simulations of the carbon nanotubes intramolecular junctions under
mechanical loading. Comput. Mater. Sci. 82, 503-509 (2014).

Xiang, D. et al. Three-terminal single-molecule junctions formed by mechanically controllable break junctions with side gating.
Nano Lett. 13, 2809-2813 (2013).

An, ., Zhan, Z., Hari Krishna, S. V. & Zheng, L. Growth condition mediated catalyst effects on the density and length of horizontally
aligned single-walled carbon nanotube arrays. Chem. Eng. J. 237, 16-22 (2014).

SCIENTIFICREPORTS | 6:38032 | DOI: 10.1038/srep38032 8



www.nature.com/scientificreports/

Acknowledgements

This work was supported by Singapore National Research Foundation (NRF-NRFF2015-02), National Natural
Science Foundation of China (51402290), Jiangsu Specially- Appointed Professor program (Grant No. 54935012),
and Khalifa Research Fund KUIRF L2 (210064).

Author Contributions

J.A. and L.Z. conceived the idea and designed the experiments. J.A., Z.Z. and G.S. performed sample fabrication.
J.A. and J.Z. performed Raman characterization. J.A. and H.K.S.V.M. performed the electrical measurements.
J.A., Y.-].K. and L.Z. prepared the manuscript. All authors contributed significant discussions for final paper
polishing.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: An, J. et al. Direct Preparation of Carbon Nanotube Intramolecular Junctions on
Structured Substrates. Sci. Rep. 6, 38032; doi: 10.1038/srep38032 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

MM o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:38032 | DOI: 10.1038/srep38032 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Direct Preparation of Carbon Nanotube Intramolecular Junctions on Structured Substrates

	Results

	Preparation of SWNT IMJs. 
	Characterization of individual SWNTs. 
	Chiral and dimensional uniformity. 
	Identification and characterization of SWNT IMJs. 

	Discussion

	Methods

	Fabrication of trenched structures on flat Si/SiO2 substrate. 
	Synthesis of SWNT IMJs. 
	Identification and characterization of SWNT IMJs. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Preparation of SWNT IMJs through controlled CVD process.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Raman characterization of SOS segments of an individual SWNT.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Identification and characterization of SWNT IMJs.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Individual SWNT lying fully suspended across a narrow and deep trench.



 
    
       
          application/pdf
          
             
                Direct Preparation of Carbon Nanotube Intramolecular Junctions on Structured Substrates
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38032
            
         
          
             
                Jianing An
                Zhaoyao Zhan
                Gengzhi Sun
                Hari Krishna Salila Vijayalal Mohan
                Jinyuan Zhou
                Young-Jin Kim
                Lianxi Zheng
            
         
          doi:10.1038/srep38032
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep38032
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep38032
            
         
      
       
          
          
          
             
                doi:10.1038/srep38032
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38032
            
         
          
          
      
       
       
          True
      
   




