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Subband Population in a Single-Wall Carbon Nanotube Diode
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We observe current rectification in a molecular diode consisting of a semiconducting single-wall
carbon nanotube and an impurity. One-haf of the nanotube has no impurity, and it has a current-
voltage (I-V) characteristic of a typical semiconducting nanotube. The other half of the nanotube has
the impurity on it, and its /-V characteristic is that of adiode. Current in the nanotube diode is carried
by holes transported through the molecul€’s one-dimensional subbands. At 77 K we observe a stepwise
increase in the current through the diode as a function of gate voltage, showing that we can control the
number of occupied one-dimensional subbands through electrostatic doping.

PACS numbers: 73.23.—b, 71.20.Tx, 73.40.Sx, 73.61.Wp

Electronic circuit elements, such as resistors, transis-
tors, and diodes, made with carbon nanotubes could some
day become components in molecular scale electronics.
Single-wall carbon nanotubes (SWNTs) are especialy
suitable for use because they can be either semicon-
ducting or metallic, depending on the geometry of the
carbon atoms on the circumference of the tube [1-5].
Additionally, atomic scale defects, molecular adsorbates,
mechanical deformations, and dopants are predicted to af-
fect a tube's electronic properties [6—10] and could be
used to tailor device operation. Recent experiments have
demonstrated nanotube-based electronic devices, such as
quantum wires and single electron transistors at low-
temperature [11,12] and room-temperature field effect
transistors (FETs) [13,14]. Scanning tunneling micro-
scope (STM) measurements on bulk nanotube “ mats’ sug-
gest that defects can locally ater the electronic properties
of a nanotube [15]. The STM experiments aso provide
compelling evidence that impurities adsorbed onto a tube
can have a similar effect by acting as strong electron scat-
terers[9]. Here we report current rectification in a circuit
consisting of a single semiconducting nanotube with an
impurity present on one part of the tube. In contrast, a
segment of the same tube without the impurity exhibits
symmetric current-voltage (/-V) characteristics. We ar-
gue that rectification results from the local effect of the
impurity on the tube's band structure [8]. By varying an
external backgate voltage, we can tune the number of cur-
rent carrying, one-dimensional (1D) electronic subbands
in the nanotube diode by “€electrostatic doping.”

We electrically contact single-nanotube circuits using
a method similar to that of Ref. [11]. An atomic force
microscope (AFM) image of the sample (Fig. 1A) shows
a 1.0 = 0.1-nm-high SWNT contacting three gold €elec-
trodes A, B, and C. We believe the nanotube has a
larger diameter, but the height as measured by AFM is
reduced due to the force between tip and sample. The
tube segment between electrodes B and C is clean, but
there is a visible impurity deposit near electrode A [16].
The circuit was patterned on a heavily doped Si substrate
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covered with a 100 nm insulating oxide layer, so the sub-
strate acts as a capacitively coupled gate electrode. A so-
lution of nanotubes in dichloroethane was deposited on
the sample and pairs of leads were checked for electrical
contact. Typically we measure resistance values between
0.5 and 10 MQ) when a single tube or tube bundle con-
tactstwo electrodes, where the two resistance ranges corre-
spond to metallic and semiconducting tubes, respectively.
The room-temperature contact resistance, estimated from
samples where a tube contacts four electrodes, is about
0.5 MQ.

The inset of Fig. 2A is the room-temperature 7-V
characteristic of the clean tube segment BC with zero
voltage on the gate. The I-V curve is symmetric around
the origin with a gap of about 0.5V [1-3], and the
device conductance can be sharply increased by applying
a negative gate voltage V, (not shown), consistent with
what is expected for a semiconducting nanotube FET
[13,24]. In marked contrast are the I-V curves for tube
segment AB containing the impurity (Fig. 2A). The I-V
curves are highly asymmetric: for any V,, current flows
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FIG. 1 (color). (A) AFM image of a 1-nm-high, single-wall

carbon nanotube connecting three gold electrodes: A, B, and
C. (B) Left: band structure for the tube segment with impurity
(electrode pair AB), with zero bias voltage. The impurity acts
like an n-type dopant that locally lowers the energy of the
bands. Right: band bending in the clean nanotube segment
(BC) with zero bias voltage.
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FIG. 2. (A) Highly asymmetric room-temperature I-V charac-

teristics of the nanotube section with the impurity (AB). The
V, valuesare —7, 0, and +7 V (top to bottom). Inset: symmet-
ric I-V curve for the clean tube segment (BC). (B) Proposed
band diagram of the nanotube diode under forward bias. Space
charge buildup near the left contact eliminates the effect of the
impurity potential. The current in the diode is carried by holes
injected from the positive electrode on the right. (C) Bands in
the reverse-biased diode showing space charge buildup on the
right side of the device. Holes injected from the left contact
cannot pass the impurity-induced barrier.

through the nanotube readily when lead A is biased nega-
tively with respect to lead B (forward bias), but only for
voltages larger than 1 V under reverse bias. At positive
gate voltage, the current through the nanotube decreases,
indicating that transport in the diode is dominated by
holes. Below we present a model where the impurity
locally alters the nanotube electronic structure, leading to
the highly asymmetric 7-V for tube segment AB. This
set of experiments provides the strongest, most direct
evidence to date supporting the key theoretical prediction
that defects and chemical impurities can be used to create
functional nanotube electronic circuits [6—8].

Our measurements can be explained using a modified
barrier injection transit time (BARITT) diode model,
inspired by Tans model for a nanotube FET [13]. We
first review the model for the clean tube segment BC. At

the contacts, the valence band of the nanotube is pinned
to the Fermi level of the leads (Fig. 1C), possibly due to
the mismatch of the nanotube and gold work functions.
The energy bands bend to lower energy in the middle of
the tube segment. This creates a potential barrier that is
symmetric with respect to the two electrodes, ultimately
leading to symmetric 7-V curves. At low voltage bias,
the electric field in the middle of the nanotube is zero, and
charge flow through the tube is blocked. For a sufficiently
large bias, the electric field reaches through the tube
[17,18], and holes injected at the positive electrode are
transported to the drain. This model predicts symmetric
I-V curves with a gap, as observed for the clean tube
segment BC.

We propose that the impurity on segment AB creates
an n-type doped tube region, either by charge transfer or
impurity-induced mechanical deformation, that localizes
charge on the nanotube. The doped region distorts the
valence band barrier, bringing the energy minimum close
to contact A (Fig. 1B). This breaks the spatial symmetry
of the device, and gives strongly rectifying 7-V curves.
When contact A is biased negatively with respect to B
(Fig. 2B), space charge builds up near the left contact; the
impurity barrier is suppressed, and current flows readily
as holes injected at B travel to contact A. When the bias
is reversed, space charge builds up on the right side of
the device, with little effect on the impurity barrier at
A (Fig. 2C). Hole transport is blocked by the barrier,
and the device remains insulating for this reverse-biased
polarity. The presence of the impurity creates a nanotube
diode with strongly asymmetric, rectifying 7-V curves.

Current in all nanotube devices is thought to be carried
by one-dimensional electronic subbands. We are able to
clearly resolve the effect of these subbands on transport
when the diode is cooled to 77 K. As shown in Fig. 3A,
we observe well-defined current steps with increasing bias
in the diode 7-V curves, which we attribute to sharp van
Hove singularities in the density of states (DOS) at the
band edge energies of the 1D modes [1-3]. The physics
of this observation is essentially the same as earlier STM
spectroscopy of clean tubes on gold substrates [4,5] but,
to our knowledge, has not been seen in transport along
tubes until now. Each step in the 7-V corresponds to the
availability of an additional subband for hole transport in
the valence band. The 0.5 V separation between current
steps agrees with calculations of the subband separation
in semiconducting nanotubes with diameter near 1.4 nm.

The number of subbands participating in transport
through the diode also varies with the gate voltage
V,, which induces charge on the nanotube and electro-
statically dopes it. When the nanotube charge is varied
by changing V,, the energy of the tube Fermi level
Er changes relative to the valence band edge. As Er
approaches the edge of a 1D subband, the number of
states available for transport increases sharply, leading
to a distinct current step. We observe precisely such
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FIG. 3. (A) I-V curves for the nanotube diode at 77 K and

V, = —5,0, +5 V (top to bottom). Stepwise current increases
W|th bias are due to sharp van Hove singularities in the density
of states at the edge of 1D electronic subbands. (B) Current vs
gate voltage in the nanotube at 1 V forward bias. Steps occur
when another 1D subband transports charge through the diode.

steps in the diode current versus gate voltage (1-V,) curve
measured at 77 K (see Fig. 3B). The current steps appear
as linear bands in a color scale plot of the current as a
function of V, and bias voltage (not shown), as expected
for features associated with the nanotube DOS. A change
of 0.1 V in the bias voltage correspondsto a1 V change
in V,. This agrees with the ratio of the gate capacitance
to the total nanotube capacitance (the capacitive “lever
arm”) of 0.1 found for substrate gates in low-temperature
Coulomb blockade experiments done on single-nanotube
samplesin our lab and elsewhere[11,12]. Similar stepsin
the 7-V, curves are visible at room temperature, athough
superimposed on a larger noise level, consistent with the
fact that the subband energy separation (about 0.5 eV) is
large compared to the thermal energy (25 meV). It is
likely that af room temperature the transport signatures
of the electronic subbands are masked by noise associated
with charge traps on the Si substrate.

In conclusion, we have made and characterized a
molecular diode consisting of an individual semiconduct-

3276

ing single-wall carbon nanotube and an impurity deposit.
Stepwise current modulation by an external gate voltage
at 77 K shows that we can controllably populate the nano-
tube’'s one-dimensional, current-carrying subbands by
electrostatic doping. The nanotube diode also demon-
strates that impurity defects can locally ater the nanotube
band structure. This suggests the possibility of building
multiple devices on a single tube by controlled deposition
of impurities. In the future, local dopants might be placed
or defects created at specific locations aong nanotube
circuits by scanning probe manipulation, providing the
opportunity for molecular scale device engineering.
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