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Resonant Electron Scattering by
Defects in Single-Walled
Carbon Nanotubes
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We report the characterization of defects in individual metallic single-walled
carbon nanotubes by transport measurements and scanned gate microscopy.
A sizable fraction of metallic nanotubes grown by chemical vapor deposition
exhibits strongly gate voltage—dependent resistance at room temperature.
Scanned gate measurements reveal that this behavior originates from resonant
electron scattering by defects in the nanotube as the Fermi level is varied by
the gate voltage. The reflection coefficient at the peak of a scattering resonance
was determined to be about 0.5 at room temperature. An intratube quantum
dot device formed by two defects is demonstrated by low-temperature trans-

port measurements.

Single-walled carbon nanotubes (SWNTs)
have emerged as an attractive material for
molecular electronic applications (/, 2). De-
pending on their diameter and chirality,
SWNTs can be either one-dimensional metals
or semiconductors, and a variety of electronic
devices based on SWNTs, such as single-
electron transistors (3, 4) and field-effect
transistors (5, 6), have been realized experi-
mentally. Electronic devices based on SWNTs
can serve as a basis for other related applica-
tions as well, such as chemical sensors (7)
and electromechanical devices (8, 9).

Most experimental and theoretical inves-
tigations to date have focused on defect-free
SWNTs with perfect honeycomb carbon ar-
rangements (/, 2). Recent theoretical calcu-
lations have shown, however, that structural
defects in the underlying carbon lattice, such
as topological defects, vacancies, and chem-
ical modifications, can substantially modify
the electronic properties of SWNTs (10-17).
Experimental characterizations of nanotube
defects are only beginning to emerge (/8-
20), and many theoretical predictions remain
to be tested.

Here, we report transport and scanned
gate investigations of defects in individual
metallic SWNTs grown by chemical vapor
deposition (CVD) (21, 22). These measure-
ments provide evidence for resonant electron
scattering by individual defects in SWNTs,
confirming previous theoretical predictions
for structural defects in SWNTs (11, 15-17).
The transport measurements also show that
the defects can impart unique electronic func-
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tionality to SWNTs, as demonstrated by the
formation of an intratube quantum dot with
gate-tunable barriers (/4).

Isolated SWNTs were synthesized by
CVD with the procedure reported previously
at temperatures ranging from 700° to 900°C
(21-23). Both transmission electron and
atomic force microscopic (AFM) character-
izations reveal that SWNTs with diameters
between 1 and 3 nm are predominantly pro-
duced in this experimental condition, al-
though some multiwalled nanotubes with a
diameter of =2 nm are also produced. Nano-
tubes with a diameter of =1 nm were located
in relation to alignment marks, and electrical
leads were defined by electron-beam lithog-
raphy (Fig. 1C). The selection of small-diam-
eter nanotubes ensures that the samples stud-
ied are predominantly individual SWNTs.

Electrical characterization was performed
as a function of bias voltage (V) and gate
voltage (V). The degenerately doped silicon
substrate acted as a gate electrode to modu-

late the charge density within the nanotubes.
Nanotube devices were classified as semicon-
ducting or metallic on the basis of their re-
sistance-V, behavior at room temperature (5,
24). Semiconducting nanotube devices be-
came insulating at large positive ¥, values
(5), whereas metallic nanotube devices
showed finite resistance over the experimen-
tally accessible ¥, range (|V,| = 70 V) (24).
Some metallic nanotubes exhibited resistance
independent of ¥, as expected for one-di-
mensional metal (24). Surprisingly, however,
~60% of >50 metallic nanotube devices
showed resistance that changed substantially
with ¥, (Fig. 1A). Despite the resistance
change observed in these devices, they could
not be made insulating by varying ¥, indi-
cating that they do not contain semiconduct-
ing segments.

Scanned gate microscopy (SGM) was
used to study the origin of the ¥,-dependent
resistance (25, 26). A conductive AFM tip
with an applied voltage (¥;)) was scanned
over the sample at a fixed height, and an
image was obtained by plotting the device
resistance as a function of tip position (Fig.
1B). The tip voltage induces a local charge
accumulation near the tip, which shifts the
local Fermi level (g,,.) in the nanotube (295).
The SGM images therefore map the resis-
tance change of a device as €, is tuned by
Vi, and the tip position.

SGM images obtained from a representa-
tive device (D1) at room temperature are
shown in Fig. 1, D through F. At Vlip =3V,
two dark spots appear along the nanotube
(Fig. 1D); these dark spots represent in-
creased device resistance, signifying the pres-
ence of localized electron scattering centers
in the nanotube (26). When Vip is increased
further, the dark spots expand into dark ring-
like features [scanned gate (SG) rings] with a
diameter proportional to ¥, (Fig. 1, E and
F). New dark spots and smaller SG rings also
appear along the nanotube with a typical
separation of ~150 nm. The observation of
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Fig. 1. (A) Plot of low-bias resistance of metallic SWNT device D1 as a function of V,. (B)
Experimental setup for scanned gate microscopy. /, current. (C) Topographic image of D1. (D)
Scanned gate image with V;, = 3 V. The dark color indicates increased resistance. (E) Scanned gate
image with V;, = 6 V. (F) Scanned gate image with V;, = 8 V.
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Fig. 2. (A) Plots of re-
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sistance versus tip
position as the tip is
scanned through the
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lower ring (along the
dashed line in the in-
set) at the indicated
V,,, values. (Inset) The
left panel shows the
topographic image of
a 250-nm SWNT seg-
ment in nanotube de-
vice D2. The middle
panel shows a scanned
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gate image with V| =
—9 V. The right panel
shows a scanned gate
image with V,;,_ = 5 V.
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(B) The solid turve shows the plot of resistance versus V,;, at the lower
defect; the dotted curve is the scaled plot of resistance versus V;, at the
axis by a factor of 2. The

upper defect. The data are scaled along the V;,

the SG ring indicates that the nanotube resis-
tance reaches a peak when the tip is a fixed
distance away from the scattering centers.
Examination of AFM images shows that no
discernible correlations exist between the
AFM topography and the SG ring positions.

The evolution of the SG rings can be
examined more quantitatively in Fig. 2. The
data were obtained from a device (D2) with a
250-nm nanotube segment connected to elec-
trical leads. The topographic image of the
nanotube segment along with two SGM im-
ages are shown in the inset of Fig. 2A. As
shown in the right SGM image, the device
contains two scattering centers separated by
~120 nm.

The resistance-tip position plot that is traced
as the tip is scanned through the center of the
lower SG ring is shown in Fig. 2A. At low
positive ¥, values, a single resistance peak (the
dark spot in SGM images) appears on the nano-
tube. As ¥ is increased, this resistance peak
evolves into two peaks whose separation in-
creases with ¥, mapping the behavior of the
SG ring. At large negative J; values, the re-
sistance of the nanotube drops when the tip is
over the nanotube, consistent with the bright
spot in the middle panel of the inset in Fig. 2A.
This resistance dip was observed only at the
lower SG ring and was not observed at the
upper SG ring. The resistance-/, trace ob-
tained with the tip held over the lower SG ring
center shows two resistance peaks superposed
on a rising background (Fig. 2B).

The tip-position scan in Fig. 2A and the ¥
scan in Fig. 2B can be understood by consider-
ing how €, in the nanotube shifts as ¥ and
the tip position are varied. In SGM, the local
charge accumulation and €, are determined by
the local electrostatic potential ®, _ along the
nanotube (25, 26). Although ®, _ is directly
proportional to ¥, , it falls off with increasing
tip-nanotube distance because of the reduced
electrostatic coupling. Therefore, decreasing

Vp Or increasing the tip-nanotube distance has
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the same effect on @, _and €, _ at the center of
an SG ring. Consequently, Fig. 2, A and B,
shows two different manifestations of the same
physical phenomenon: the device resistance ex-
hibits peaks as €, _ is varied near a particular
electron scattering center, signifying the occur-
rence of resonant electron scattering.

This observation constitutes our central
experimental finding. One explanation of the
observed behavior is external disorder pro-
vided by localized charge traps within the
substrate or surface contaminants. Theoreti-
cal studies have shown, however, that the
disorder potential must vary rapidly on a
length scale of ~1 A to affect electronic
transport in metallic nanotubes (27). Local-
ized charges extrinsic to the nanotube are
unlikely to produce such short-ranged disor-
der. Furthermore, the ¥, -induced sequential
charging of the extrinsic charge traps would
show a single value of the resistance for each
charge state, leading to steplike resistance
changes in contrast to the resistance peaks in
Figs. 1 and 2. These considerations, together
with the ubiquity of the observed phenomena
in CVD-grown nanotubes, strongly suggest
that the resonant electron scattering is due to
localized defects intrinsic to the nanotubes.

Previous theoretical studies have shown
that structural defects in metallic SWNTs
generally lead to resonant electron scattering
at energies corresponding to defect states or
one-dimensional subband edges (/1, 15-17).
Our experimental observation is fully consis-
tent with these theoretical predictions and
suggests the presence of structural defects in
CVD-grown nanotubes. Although the SGM
images alone cannot provide information on
the atomic structure of nanotube defects, the
distinct J;; responses of upper and lower
scattering centers in device D2 illustrate that
more than one type of defect is present in
metallic nanotubes.

The data in Fig. 2 provide quantitative
information on the electron scattering proba-
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dashed curve is the plot of resistance change due to the lower defect
alone. The lower two curves are offset for clarity.

bility by these defects. Using Landauer-
Biittiker formalism and ignoring phase-co-
herent scattering between defects at room
temperature, one can express the total resis-
tance of device D2 as (26)

h n ry
Rtotal_Rc+Z'e7(l + 1 —V|+ 1 _’.u)
Here, R_ stands for the resistance due to
transport barriers at the nanotube-electrode
interface, and r, and r, designate the electron
reflection coefficients of the lower and upper
defects, respectively. Within this framework,
the resistances of the two defects simply add
in series like classical resistors, and J;, -in-
duced resistance changes result from changes
in r, and r,. Because electrostatic coupling is
long-ranged, ¥, affects both r, and r,, irre-
spective of the tip position. Information on
the distance dependence of tip-nanotube cou-
pling is therefore required to determine the
resistance change due to an isolated defect.

This information can be obtained from Fig.
2A. Specifically, it shows that, as the tip-defect
distance increases from 0 to 120 nm (the sepa-
ration between the lower and upper defects), the
value of ¥, that causes the maximum device
resistance changes from 5 to 10 V. This obser-
vation suggests that, when ¥, is varied with the
tip over the lower defect, the shift in €, _ at the
upper defect is smaller by a factor a ~ 2,
compared to that at the lower defect. Therefore,
the contribution of the upper defect to the re-
sistance-J;; , trace at the lower defect (the solid
curve in Fig. 2B) can be approximated by mea-
suring the resistance-¥;;, trace at the upper de-
fect and plotting it against a¥] (the dotted
curve in Fig. 2B). The resistance change due to
the lower defect alone can then be obtained by
subtracting the dotted curve from the solid
curve.

The result of this subtraction (the dashed
curve in Fig. 2B) shows two distinct resis-
tance peaks ~10 kilohms in height. These
resistance peaks correspond to the electron
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Fig. 3. Gray-scale plot of differential conductance (d//dV,;) of device D2 as a function of V, and V,
at T = 4.2 K. In this panel, white corresponds to zero conductance, and black corresponds to 40 w.S.
In regions A and C, the defects in the nanotube are tuned to transparency. In region B, the defects

are tuned to result in strong electron scattering.

scattering resonances of the lower defect. If
r, = 0 away from the scattering resonances,
the observed resistance change yields r, ~ 0.7
at the peak of the scattering resonance. Be-
cause r, may not be zero off resonance, this
estimate represents an upper bound for ;. A
similar analysis of defects in other samples
indicates that the reflection coefficients of
defects range from 0.5 to 0.7 at room tem-
perature. The ¥, -induced €, change is es-
timated to be ~50 meV/V from the compar-
ison of the Vip and V¥, scans (28), which
indicates that the resonance peaks in Fig. 2B
are separated by ~0.5 eV in their energy
positions. Both the value of » and the energy
separation between resonances compare fa-
vorably with theoretical predictions for vari-
ous few-atom defects in SWNTs (/1, 15-17).

The present finding indicates that the de-
fects in metallic nanotubes act as gate-tunable
electron scatterers and SWNTs with defects
can be the basis for new types of electronic
devices (/4). One example for such devices
is demonstrated here by the formation of an
intratube quantum dot by two defects. A
gray-scale differential conductance plot mea-
sured from device D2 at temperature 7 = 4 K
is shown in Fig. 3 as a function of ¥, and V.
At the V, ranges designated as regions A and
C, the electron scattering by defects is mini-
mal. In this region, the low-bias conductance
of D2 never reaches zero, irrespective of Vg,
and the nanotube acts as a metallic wire. In
the ¥, range designated as region B, on the
other hand, defects act as strong electron
scatterers, and the nanotube section between
two defects turns into a quantum dot, as
illustrated by the well-known Coulomb-
blockade patterns in Fig. 3 (29). This dot
exhibits a charging energy around 20 meV,
just as expected for a quantum dot that is
~120 nm in length (3). Unlike nanotube dots
reported previously, the barriers that form the
intratube quantum dot can be tuned by adjust-
ing ¥, illustrating the unique potential of
defect manipulation in molecular electronic
applications of SWNTs.
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A Three-Dimensional Synthetic
Metallic Crystal Composed of
Single-Component Molecules
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Molecular metals normally require charge transfer between two different chem-
ical species. We prepared crystals of [Ni(tmdt),] (tmdt, trimethylenetetrathia-
fulvalenedithiolate) and carried out crystal structure analyses and resistivity
measurements. The analyses and measurements revealed that these single-
component molecular crystals are metallic from room temperature down to
0.6 kelvin. Ab initio molecular orbital calculations suggested that  molecular
orbitals form conduction bands. The compact molecular arrangement, inter-
molecular overlap integrals of the highest occupied and lowest unoccupied
molecular orbitals, and tight-binding electronic band structure calculation re-
vealed that [Ni(tmdt),] is a three-dimensional synthetic metal composed of

planar molecules.

Semiconducting properties in phthalocyanine
and condensed aromatic hydrocarbons were
found around 1950 (/, 2), and one-dimen-
sional molecular metals were discovered
around 1970 (3, 4). Ever since the discovery
of the organic superconductor (TMTSF),PF
(TMTSEF, tetramethyltetraselenafulvalene) in

1980 (5), an extremely large number of mo-
lecular conductors have been developed. Un-
til recently, however, a difficult problem in
the metallization of molecular crystals had
remained unsolved. In contrast to typical in-
organic metals composed of single elements,
such as sodium and copper, all of the exam-
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