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Predicted scanning tunneling microscopy images of carbon
nanotubes with atomic vacancies
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Abstract

We calculated STM images of both metallic and semiconducting single-wall carbon nanotubes with atomic vacancies. In our
simulations, we employed the tight-binding Green’s function technique and the recursion method. We predict that vacancies
should result in the formation of hillock-like features in STM images of metallic nanotubes, which are especially appreciable at
small bias voltages (of about 0.1-0.4 V). An enhancement in the tunneling current is due to vacancy-induced states at the Fermi
energy, and these states are spatially localized on the atoms surrounding the vacancies. Electronic superstructures analogous to
those in graphite near point defects are observed near the vacancy. For semiconducting nanotubes, hillocks and superstructures
are also visible at those bias voltages when band edges contribute to the tunneling current. © 2001 Elsevier Science Ltd. All

rights reserved.
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Although carbon nanotubes (NTs) have been considered
as ideal defect-free objects in the vast majority of theoretical
works, NTs may have various atomic-scale point defects.
Examples of those are pentagon/heptagon topological
defects, [1,2,3] adatoms [4] on the walls of NTs and atomic
vacancies, [5,6,7] all of which can appear during NT growth
or can be created by external actions, e.g., by irradiation.
Studies on NTs with defects present considerable interest in
themselves as well as with a view toward understanding
electronic transport [5,6,7,8,9] in these quasi-one-
dimensional conductors.

Recent experiments evidence that high-dose electron
[10,11] and Ar ion [12] irradiation of NTs gives rise to the
formation of irradiation-induced defects, surface recon-
structions and drastic dimensional changes, as a corollary
of which the apparent diameter of NTs substantially shrinks.

However, particular types of irradiation-induced defects
have not been yet specified. It has been suggested [11] that
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isolated vacancies appear under irradiation, but such defects
are unstable and the apparent reduction of the NT diameter
is due to a mending of the vacancies through dangling bond
saturation.

On the other hand, appearances of surface dangling bonds
in irradiated NTs have been reported [12]. Since dangling
bonds are usually associated with isolated vacancies, such
vacancies, even if metastable, may be long-lived defects
(and may survive for macroscopic times), especially under
low-temperature, low-dose irradiation. Thus, the stability of
vacancies and their influence on the electronic properties of
NTs call for further studies.

Scanning-tunneling microscopy (STM) is a perfect tool to
study atom-scale defects in NT's since this technique enables
one to probe directly the electronic structure of solids with
atomic resolution. However, to the best of our knowledge,
irradiated NTs have not been yet studied by STM.

Inasmuch as the interpretation of STM images and, in
particular, the determination of defect-induced features in
experimental STM images is not straightforward due to
various electronic effects, in this paper we simulate STM
images of NTs with single vacancies. Our main goal here is
to facilitate the interpretation of possible experimental STM
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images of irradiated NTs and to clarify: (i) Can STM detect
single vacancies (if they exist) on walls of NTs? (ii) How do
such vacancies affect STM images of NTs? We suggest that
vacancies are created upon irradiating NTs with, e.g., low-
energy (=100 eV) ions of inert gases. We neither model the
impact event here nor address the issue of vacancy stability;
this will be done elsewhere [13].

We demonstrate for the first time that vacancies result in
the formation of hillock-like features in the STM images of
metallic NTs. The characteristic lateral size of the hillocks is
about 5 A, whereas their heightisupto 1 A. Thus, vacancies
may be detected by STM. Electronic superstructures (SSs)
analogous to those in graphite near point defects are
observed near vacancies. For semiconducting NTs, hillocks
and SSs are also observable at those bias voltages when
band-edge states contribute to the tunneling current.

In calculating STM images of NTs with vacancies, we
generally adopt the Green’s-function technique used in
Refs. 14 and 15 to simulate STM images of graphite
surfaces within the tight-binding (TB) approximation. The
validity of the TB approach for calculating electronic and
mechanical properties of NTs has been confirmed many
times by ab initio calculations [2,16,17]. Our approach is
close to that used in Ref. 18 for simulations of the STM
images of perfect NTs. To verify our approach, we calcu-
lated STM images of NTs without defects. Our results agree
well with both simulated [2,3,18] and experimental
[19,20,21] images.

In calculations of the atomic network relaxation near the
vacancy we employ the four-band TB Hamiltonian [23]
which accounts for electron hopping beyond the first-
neighbor approximation. However, since the electronic
structure of single-wall NTs near the Fermi energy is
governed by the m-states oriented perpendicularly to the
NT walls, we take into consideration only these states in
calculations of STM images. To the first order in the tip-
NT interaction, the tunneling current / as a function of the
tip coordinates (x,y,z) may be written at zero temperature as
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where the sum runs over all sites involved in the tip-NT
hopping. Vi, is the bias voltage applied to the tip-NT
interface, Vi(x,y,z) is the tunneling matrix element coupling
the tip apex atom to the atom i of the NT, p,(E) and
Pube(i,E) are the local densities of states (LDOS) of the
noninteracting tip and the NT, respectively. Note that the
equation (1) has an approximate character; however, its
applicability for calculating STM images of carbon systems
has been demonstrated [14,15]. The tip was modelled as a
semi-infinite chain of atoms. The parameter V was evaluated
numerically with the tip states being approximated by a
hydrogen-like d-function mimicking a tungsten tip. The

recursion method [24,25] was employed to calculate
LDOS of a NT. STM images were computed for the
constant current mode of STM operation, in which the
height of the STM tip is adjusted to keep a constant value
of current. To simulate this mode, we numerically solved the
equation (cur) for the z coordinate (tip height 4 = 7) at any
scan point (x,y). Other details of our calculations will be
given elsewhere [13].

Inasmuch as we are interested in what is taking place in
the electronic structure of NTs upon vacancy formation and
since the change is most dramatic for the states near Er (as
we show below), we take for metallic NTs small bias
voltages Vyi,s = 0.2 V. Thus, only electronic states near Er
contribute to the tunneling current. We account for the shift
[22] of Er by 6E = 0.3 eV due to the charge transfer from
the substrate, which leads to an asymmetric position of the
NT band structure relative to Ef, see Fig. 2(b).

We start with metallic (15,0) NTs. Let us postulate that a
vacancy is formed in the topmost part of a NT. Having
calculated the relaxation of the carbon network near the
vacancy, we computed STM images of the NT.

Figs. 1(a,b) present isometric plots of the variation in tip
height £ for a scan across (x,y) near the vacancy (which is at
the origin) for Vy;,s = =0.2 V. A dramatic protrusion above
the vacancy is evident. The height of the hillock constitutes
~0.7A 0.5 A) for the positive (negative) value of Vi,
while its linear size is independent of the sign of V;;,, and
constitutes =~ 5 A. To achieve atomic corrugation, we
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Fig. 1. STM image of a (15,0) metallic NT with a vacancy.
(a) Isometric plot of tip height & as a function of tip position in

the (x,y) plane for Vi;,s = —0.2 V. (b) The same as in (a), but for
Viias = 0.2 V. (c) Illustration for achieving atomic corrugation
(“filtering” the STM image) by subtracting the averaged (over the
NT axis x) profile of the NT. (d,e) Filtered gray-scale STM images
for Viiue = —0.2 V (d) and Vy;,s = +0.2 V (e). All lengths are given
in Angstroms. The vacancy is at the origin in the (x,y) plane (at the
centers of the images). A part of the NT carbon network is also
sketched.
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subtract the profile of the NT averaged over its axis from the
initial profile (Figs. 1(a,b)), as illustrated in Fig. 1(c).
Figs. 1(d,e) depict the filtered STM image of the central
part of the NT for positive and negative Vi, It is seen
that the hillock has a trigonal form and that the hillock
orientation is governed by that of the atoms in the NT carbon
network.

To understand the origin of the hillock, in Fig. 2(a) we
plot current-to-voltage (/-V) characteristic for the tip
positioned above the vacancy. The I-V curve is actually
the LDOS on carbon atoms surrounding the vacancy and
contributing to the tunneling current. In Fig. 2(b) we plot
the /-V curve calculated at a distance from the vacancy,
and this coincides with the /-V curve for a defect-free
NT. As evident from the figures, the vacancy results in
a sharp increase in LDOS near Er on atoms nearest the
vacancy.

Besides a hillock-like feature, it can also be seen from
Figs. 1(d,e) that the STM image of the NT in the vicinity of
the vacancy is different from that calculated at a distance
from the defect. A network of dark spots corresponding to
the centers of hexagons is evident at the ends of the images,
whereas modulations in / along the NT axis are present near
the vacancy. The amplitude of these modulations, or super-
structure (SS), decreases with the distance from the vacancy.
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Fig. 2. I-V curves for the (15,0) NT calculated just above the
vacancy (a) and above an atom distanced from the defect (b).
Zero voltage corresponds to the position of Er, 6F is the shift of
Er due to the charge transfer from the substrate.

Fig. 3. STM gray-scale image of a semiconducting (14,0) NT with a
vacancy. (a) Vijas = —0.4 V (b) Vyis = +0.4 V. The vacancy is at
the centers of the images.

Note that we did not find any re-arrangement of atoms in the
NTs after geometry optimization. Thus, the hillock and the
SS have a purely electronic origin.

Now we proceed to semiconducting NTs. Fig. 3(a)
presents an STM image of the central part of a (14,0) NT
with a single vacancy for positive and negative values of
Viias = £0.4 V. As follows from these figures, vacancies in
semiconducting NTs also change the STM images, resulting
in the formation of hillock-like features and SSs near the
defect. However, the heights of the hillocks are = 0.3 A,
which is less than that for metallic NTs.

For semiconducting NTs, the hillocks and SSs stem from
changes in the LDOS on atoms in the vicinity of the
vacancies for energies corresponding to the band edges at
the semiconductor gap, see also Fig. 4, in which -V curves
just above and at a distance from the vacancy are shown. A
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Fig. 4. The same as in Fig. 2, but for the (14,0) NT.
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vacancy also results in the formation of dispersionless peaks
at Er in the LDOS of atoms near the vacancy, see Fig. 4(a).
However, the contribution of these states to the tunneling
current is very small.

Qualitatively similar results are obtained for all (not only
zigzag) metallic and semiconducting NTs with various
indices. Vacancies always result in the appearance of
hillocks and SSs, the size and orientation of which
sensitively depend on the NT chirality. Here, we also stress
that when we account for next-nearest-neighbor hopping,
SSs may be different for positive and negative Vy;,,, which
agrees with the data from a recent theoretical work, [26]
where appearances of such features in STM images of
NTs near point defects have been reported as well.

The main features in STM images of NTs with
vacancies—hillocks and SSs—have also been reported for
experimental STM images of graphite surfaces with
vacancies, [27,28] although such features in graphite may
result not only from vacancies, but also from interstitial
atoms below the surface[29].

The STM images which we have calculated for NTs and
STM images of graphite surfaces with vacancies have much
in common. In particular, the dimensions of hillocks, their
trigonal form, and the form of SSs are all nearly identical in
both cases. As follows from theoretical simulations carried
out within a framework of a tight-binding approximation
[15,31,32] and first-principles plane-wave formalism,
[30,33] the features predicted for STM images of NTs and
observed for graphite have one and the same physical origin.
Thus, our results for NTs, if corroborated experimentally,
may not only shed light on the existence of vacancies in
NTs, but may also confirm the presence of vacancy-induced
hillocks in STM images of graphite as well as help identify
the actual type of point defect which has resulted in a
particular feature.

To conclude, we calculated STM images of both metallic
and semiconducting single-wall carbon NTs with atomic
vacancies. We predict that vacancies should result in the
formation of hillock-like features in STM images of NTs,
which are especially appreciable at small Vi, = 0.1-0.4 V.
Depending on the NT chirality, the characteristic lateral size
of the hillocks is about 5-8 A, whereas their height is up to
1 A. Thus, vacancies may be detected by STM. The
enhancement in the tunneling current is due to the increase
in LDOS for the states at the Fermi energy, which are
spatially localized on the atoms surrounding the vacancies
(and may be also interpreted as ‘“dangling bonds”).
Electronic superstructures analogous to those in graphite
near point defects are observed near the vacancy.
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