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We presented a controllable yet simple approach for fabricating an air-stable single-walled carbon nanotube
(SWNT) diode with the atomic force microscopy (AFM) manipulation technique. The AFM tip was utilized
to create an asymmetric Schottky barrier at the two contacts of the SWNTs field effect transistors (FETs) by
selectively modifying the tube-metal interaction or the contact length. Air-stable SWNTs diodes with
rectification ratios of up to 104 were generated with this approach. We also demonstrated that the tube-metal
interaction and the tube-metal contact length played an important role in determining the Schottky barrier
at the tube-metal interface.

Single-walled carbon nanotubes (SWNTs) are regarded as
one of the most promising building blocks for nanoelectronics.
Several SWNT-based electronic devices such as field effect
transistors (FETs),1,2 rectifying diodes,3 sensors,4 and so on5 have
exhibited good performance. Previous studies revealed that the
contact barrier at the carbon nanotube-metal interface played
a crucial role in determining the performance of these devices.6

Great efforts have been made to eliminate the Schottky barrier
to obtain high-performance FETs,2 however, the presence of a
Schottky barrier also offers the possibility of generating
rectifying a diode with SWNTs. A few researches focused on
fabricating a Schottky diode by depositing asymmetric contacts
at the two ends of SWNTs.7–9 In these works, low-work-function
metals such as Ti and Al were used to form a Schottky contact
with the SWNT and a high-work-function metal such as Pd was
deposited to form an ohmic contact. The asymmetric barrier at
the two contacts resulted in rectifying behavior. Besides using
asymmetric metal contacts, a rectifying diode could also be
created by selectively modifying one contact with self-assembled
molecules (SAMs) to change the Fermi level lineup at the
contact.10 However, low-work-function metals and SAMs are
not stable in air because of the oxidation of oxygen. Moreover,
complex lithographic processes are involved to deposit asym-
metric metal contacts or selectively modify one contact with
SAMs.

Here we present a controllable approach for creating air-stable
carbon nanotube diodes by generating asymmetric contacts with
the atomic force microscopy (AFM) manipulation technique.
The AFM manipulation technique offers a versatile tool not only
to modulate the geometry of SWNTs but also to modify the
interaction between SWNTs and their supporting substrates.11,12

Our strategy involves two procedures: first we obtained SWNT-
FETs with symmetric contacts, and then we created asymmetric
contacts by modifying the tube-metal interaction with the AFM
manipulation technique as shown in Figure 1.

The key step of the present approach is to fabricate SWNT-
FETs with tube-on-electrode contacts for facilitating the ma-
nipulation of SWNTs. To obtain SWNT-FETs with this
configuration, we grew highly oriented ultralong SWNTs on
the top of Pt electrodes by flow-directed catalytic chemical vapor
deposition (CVD).13,14 The Pt electrodes were fabricated by
photolithography on a silicon wafer with a 300-nm-thick oxide
layer, followed by reactive ion etching (RIE) of 80-nm SiO2,
deposition of 80-nm Pt, and lift-off in acetone. The obtained Pt
electrodes were embedded in the SiO2 layer and were almost
coplanar with SiO2. Such an electrode configuration minimized
the effect of local deformation of SWNTs. The width and
separation of Pt electrodes were 2 and 5 µm, respectively. FeCl3
solution was patterned by microcontact printing (µ-CP) at the
edge of the substrates and served as the catalyst precursor. In
the following CVD process, ethanol was used as the carbon
source and the obtained SWNTs were oriented by gas flow.
With the optimized experimental conditions, we were able to
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Figure 1. Schematic illustration of fabricating the SWNT diode with
AFM manipulation. The AFM tip is stretching the tube near one contact
to change the tube-metal contact and thus create asymmetric contact
barriers.
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obtain ultralong SWNTs across the Pt electrodes at a growth
temperature of 950 °C. The high melting point of Pt made it
compatible with the CVD process,15 and the relatively low
temperature and pressure eliminated the possibility of forming
platinum carbides. The fabrication approach we present here
provides a convenient means to generate SWNT-FETs with high
yield. This approach avoided the complex fabrication processes
and eliminated the residue of photoresist introduced in the
lithographic process. The symmetric Ids-Vds curves of the
obtained SWNT-FETs indicated good contact between SWNTs
and electrodes. The resistances of most 5-µm-long metallic
SWNTs were less than 100 KΩ, which was much lower than
those of their counterparts deposited on Pt electrodes.16 The
tube-Pt contacts experienced a high-temperature annealing in
the CVD process and thus resulted in the reduction of contact
resistance.

To modify the tube-metal contact, AFM manipulation was
utilized to stretch the tube near one contact region or cut the
tube on one Pt electrode. AFM manipulation was carried out
with Nanoscope III SPM (Veeco) using a homemade software.10

In the manipulation process, the AFM tip was driven to contact
the substrate with the feedback being switched off and then
moved along a predefined path across the SWNT, and thus
stretched the SWNT. The AFM tip was also employed to cut
the nanotube on electrode by pressing the tube with a high
loading force. I-V characteristics and Raman spectra of SWNTs
were measured before and after AFM manipulation using a
Keithley 4200 semiconductor characterization system connected
with a probe station and a Renishaw 1000 micro-Raman spec-
trometer with a 632.8 nm He-Ne laser, respectively. All of
the fabricated SWNT-FETs were characterized by scanning
electron microscopy (SEM, Hitachi S-4800), and only FETs with
individual semiconducting SWNT were included in this work.

Figure 2a shows the SEM image of a SWNT-FET with a
semiconducting SWNT grown on the top of Pt electrodes. The
radial breathing mode (RBM) frequency (ωRBM) of this tube
was 147 cm-1, suggesting a diameter of 1.7 nm by the relation
d ) 248/ωRBM.17 This value was consistent with the diameter
of 1.8 ( 0.2 nm measured by AFM, indicating that the nanotube
was an individual SWNT. The conductance of this nanotube
showed a p-type characteristic and a strong dependence on the
gate voltage with an on-off current ratio of 105 using the un-
derlying silicon as back gate (see Figure S1 in the Supporting
Information). After collecting I-V curves and Raman spectra

of this nanotube, we stretched it with an AFM tip at a location
ca. 2.5 µm away from the source electrode as shown in Figure
2b. Figure 3a exhibits the effect of the stretching operation on
the Ids-Vds characteristic of this SWNT-FET measured at Vg )
-10 V. The Ids-Vds curve becomes highly asymmetric after
stretching. The rectification ratio IForward/IReverse reaches 102 for
this stretched nanotube. Raman spectroscopy is an effective tool
to investigate the strain effect on SWNTs. The G band of the
stretched SWNT will be down-shifted because of the elonga-
tion of the C-C bond.18,19 Figure 3b shows the G-band spectra
of the tube before stretching (spectrum 1) and after stretching
at the source (spectrum 2) and drain (spectrum 3) electrodes.
Both the G+ band and the G- band down-shifted by 4∼5 cm-1

at the source electrode after stretching, while they remained
unchanged at the drain electrode, which indicated that the
tube-source electrode interaction formed at high temperature
was broken and the tube-drain electrode contact was not
disturbed by the manipulation. By combining the results of the
conductance measurement with Raman spectra, we concluded
that the AFM manipulation resulted in an asymmetric tube-metal
interaction at the two contacts, and thus created the rectifying
SWNTs diode.

Besides modifying the tube-metal interaction, AFM ma-
nipulation can also be utilized to change the tube-metal contact
length by cutting the SWNTs on the electrode in a controlled
manner. By selectively cutting SWNTs on one electrode, we
obtained SWNT-FETs with asymmetric contact lengths and thus
created rectifying diodes. Figure 4 shows highly rectifying
Ids-Vds curves of a typical diode fabricated by cutting the tube
on the source electrode with the AFM tip. The rectification ratio
IForward/IReverse (at Vds ) + 0.5 V and -0.5 V, respectively) was

Figure 2. (a) SEM image of a SWNT-FET with an individual SWNT
lying on the source/drain electrodes; (b) AFM image of the SWNT
and the source electrode shown in part a after manipulation. The arrow
indicates the tip path in the manipulating process.

Figure 3. (a) Ids-Vds curves of the SWNT shown in Figure 2 before
and after manipulation at Vg )-10 V; (b) G-band spectra of the SWNT
shown in Figure 2 before manipulation (spectrum 1), after manipulation
at the source electrode (spectrum 2), and at the drain electrode (spec-
trum 3).
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ca. 104 at Vg ) -10 V. To create this diode, we pressed the
AFM tip on an individual semiconducting SWNT with a
diameter of 1.5 nm lying on the source electrode and then
applied a high loading force to cut the tube, leaving an ca. 400
nm tube to contact with the source electrode (see Figure S2 in
the Supporting Information). As a result, the length of tube
contacted with the source and drain electrodes became 400 nm
and 2 µm, respectively. This result proved that contact length
played an important role in determining the carbon nanotube-
electrode contact barrier and an appropriate contact length was
desirable to form good contact, which agreed with the theoretical
calculation20 and previous experimental work.21 The height of
the barrier for hole transport was estimated from the following
equation:22

I0 )AA*T2 exp(-qφB

kBT) (1)

where I0 is the reverse saturation current, A is the cross section
area of the channel, A* ) (4πqm*kB

2)/h3 is the effective
Richardson constant, T ) 300 K, q is the electron charge, φB is
the barrier height, kB is Boltzmann’s constant, m* is the effective
mass of carbon nanotubes, m* ) 0.06me (me is the mass of the
electron),23 and h is Planck’s constant. I0 was obtained from
the linear portion intercept of the Ids-Vds curve shown in Figure
4 (red, filled square). The barrier height was calculated using
the I0 value and was found to be 0.12 eV at room temperature.
Besides the Schottky barrier, this estimated barrier height may
contain an extra tunneling barrier resulting from the roughness
of the electrode.24 By modulating the contact barrier with gate
voltage, the rectification ratio of the obtained diode could be
tuned from <10 to 104 (see Figure S3 in the Supporting
Information). As shown in Figure 4 (blue, empty square), the
performance of the obtained diode was stable after being
exposed to air for 10 days, which is one of the most prominent
features of our approach.

In summary, we demonstrated a controllable yet simple
approach for fabricating an SWNT rectifying diode by creating
asymmetric contacts with the AFM manipulation technique. This
approach paves the way to tune the Schottky barrier at
tube-metal contacts and to fabricate rectifying devices without
complex lithographic processes. Air-stable SWNTs diodes with
rectification ratios of up to 104 were fabricated by asymmetri-

cally modifying the tube-metal contact with the AFM tip. Our
work also revealed that the tube-metal interaction and the
tube-metal contact length played an important role in determin-
ing the Schottky barrier at the tube-metal interface. A better
understanding of their effects on the SWNT-electrode contact
is significant to optimize the performance of SWNT-based
electronic devices.
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Figure 4. Ids-Vds curves plotted in absolute magnitude of current (at
Vg ) -10 V), immediately after manipulation (red, filled square) and
after exposed to air for 10 days (blue, empty square).
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