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ABSTRACT

The experimental creation and annihilation of defects on single-walled carbon nanotubes (SWCNT) with the tip of a scanning tunneling microscope

are reported. The technique used to manipulate the wall structure of a nanotube at the atomic scale consists of a voltage ramp applied at
constant tunneling current between the tip and the nanotube adsorbed on a gold substrate. While topographic images show an interference
pattern at the defect position, spatially resolved tunneling spectroscopy reveals the presence of localized states in the band gap of the
nanotube. Removal of the defect by the same procedure demonstrates the reversibility of the process. Such a precise control in the local
modification of the nanotube wall opens up new opportunities to tailor SWCNT electronic properties at will.

Owing to their unique aspect ratio, single-walled carbon relies on macroscopic processes, which inherently involve
nanotubes (SWCNTSs) have attracted considerable attentiorthe creation of several defects in the same nanotube with a
in the study of transport across one-dimensional systems. large dispersion on their spatial distribution. Therefore no
The way they are wrapped not only determines their precise control of the creation or even removal of defects in
geometric properties but also their electronic structure: a single nanotube has been achieved so far.
semiconductive or metallic. Such properties allow SWCNTs  Because of the nanometer size of SWCNTS, scanning
to be used as functional devices like transistoRecent  nneling microscopy (STM) is a quite suitable technique
studies have focused on the engineering of SWCNT proper-q the investigation of the SWCNTSs propertiést has been

ties such as the exploitation of intramolecular junctfoms \yigely used to study their electronic structure as well as
the modification of their band gap by the insertion of jqentity and characterize individual defects on their surfdce.

impurities: ions or molecules. Atomic defects are also  \1qre remarkably, it can also be used to manipulate SWCNT
investigated as good candidates for tailoring the electronic by locally cutting the tube for examplé.But to date this
properties of SWCNTS; for gxample., Lee et al. observed deeptechnique has not yet been proved to tailor the properties of
and shallow levels associated with vacancy-adatom andSWCNTs without destroying them

entagon-heptagon defeétand Park et al. modulated the
P g plag an In this paper, we describe a method to selectively modify

electron transmission probability of a defect by an electric he el X . ‘ icond by th
field.” Until now, several types of defects, like Stone-Wales the e_ectronlc properjﬂes ot semicon uctor SV\_/CNTS y t_ €
defects® vacancie,ad-dimersi® or H—C complex! could creation and destruction of point defects on their surface with
be introduced on SWCNTs by electron or ion sputtefiig? an STM tip. The fabrication of the defects is detected from
But the incorporation of defects in the nanotube generally the measurements of the tip height variation when the sample
voltage is increased to a few volts maintaining the tunneling
* Corresponding author. Website: http://dora.ims.tsukuba.ac.jp. current constant. The investigation of the defect nature by
lUniversity of Tsukuba. STM topographic images shows the formation of interference
Nagoya University. patterns on the nanotube wall, and spatially tunneling

SNTT Corporation. ) ) i
'IEMN (CNRS, UMR 8520). spectroscopic measurements reveal that this pattern is related
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Figure 1. STM image of SWCNT deposited by spin coatingona 7
freshly cleaned Au(111) surface (sample voltage= —1 V,
tunneling current setpoirt = 100 pA, T = 4 K). Inset: High-
resolution STM image of a smaller area partially covered with
molecular species from the solveM;& 1.0 V, I, = 100 pA, T =

4 K).

to the presence of localized states in the band gap of the (b) before after

nanotube. Because the defects are removed by applying a
similar voltage ramp, the controlled formation of localized
states in the band gap of the nanotube indicates that the
atomic scale modification of its electronic structure is fully
reversible, providing new pathways to tailor SWCNT
electronic properties.

The experiments were conducted with an Omicron LT-
STM operated at 77 a4 K onSWCNTSs deposited by spin
coating on freshly prepared and flame-annealed Au(111)
samples. We used electrochemically etched Ptlr and W tips,
cleaned in ultrahigh vacuum (UHV) by heating and electron
bombardment. HiPC® SWCNTs dissolved in chloroform
and 1-2-dichloroethane were used at a concentration of 1
©g/10 mL. Then the solution was ultrasonicated for more
than 1 h to obtaiindividual nanotubes. After ultrasonication,
one drop was deposited by spin coating on the freshly cleaned
Au(111) sample. The samples were then introduced into
UHV and degassed before the experiments. Figure 2. (a) Experimental scheme used to create a defect on a

. . . SWCNT. The STM tip is first immobilized over a defect-free
Figure .1.shows a large scale STM image obtained afterposition at the surface of a SWCNT. While maintaining the
the deposition of SWCNTs on a Au(111) surface. ASWCNT feedback loop closd(constant), the sample voltayg is usually
is clearly visible on the left of the image, running along the ramped up tot8 V and bothl; and the tip heighZ variation are
edge of an atomic terrace. We note that the terraces arerecorded. At the time of the defect creation or annihilation, a sharp
partially covered with molecules from the solvent. The peak occurs on the tunneling current as well as a sudden shift of

. . . . the tip height, away from the surface for the creation (continuous
observation of single molecules self-aligned in the face- line), closer to the surface for the annihilation (dotted line). (b)

centered cubic region of the herringbone reconstruction in sTM images of a SWCNT before and after the defect creation (top)
the inset of Figure 1 reveals a ternary symmetry, suggestingor annihilation (bottom) along with a portion of the experimental
the adsorption of chloroform molecules of the solvent during Z(V) curves showing a sudden shift of the tip height (vertical arrow),
the deposition of SWCNTSs. signature of the defect creation or annihilation (Feedback param-
After having identified the geometric properties of a CNT SterS: Vs = ~0.4 V. 1= 200 pA, T = 4 K).
from its wrapping angle and its energy gap (for semiconduct-
ing CNTSs) or low-conductivity zone (for metallic CNTs) ~constant. At certain bias, a sharp step appearedZon
based on established proceduteshe STM tip was im- indicating an additional backward shift of the tip from the
mobilized on a defect-free location on the SWCNT. The nanotube. This step is the response of the piezo controlling
creation of protrusions on the nanotube wall was then the tip height to a sudden increase in the tunneling current
performed using the method described in Figure 2. A voltage While the sample voltage increases. After the voltage sweep,
ramp was additionally applied on the sample voltage used the tip started again scanning the nanotube. Figure 2b shows
to image a SWCNT, as shown by the curve labaledrhe the modification of the nanotube when a negative sample
typical sweep time was 0.1 s/V. During the voltage ramp, voltage ramped is applied to a defect-free SWCNT. At a
the feedback loop was kept closed and as a result, the tip voltage of—5.8 V, an abrupt change in the linear behavior
sample distancg increased to keep the tunneling currént  of the Z(V) curve occurs. After this event, a deformation on
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Figure 3. Examples of protrusions created by the tip and observed
on the nanotube wall in topographic STM images. Protrusions are
divided in (a) type A protrusions associated with adsorbafes=(

1.0 V, I = 200 pA, and (b,c) type B protrusions associated with
point defects. s = —0.5 V/-0.8 V, I; = 100 pA). Scale bar: 1
nm.
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the nanotube wall was clearly visible at the position where

the voltage ramp was performed. ) .
Similarly, applying a voltage ramp at constant current on Y Y

a protrusion created by the tip leads to the annihilation of ]

the protrusion and restores the defect-free structure of the Bias (V)

nanotube wall, as shown in Figure 2. We note that the voltage _. _ i .

threshold required to modifygthe nanotube varies and thgat Figure 4. (a) From left to right: series of successive STM

X - . . topography images (& 16 nn¥, Vo= —0.4 V; |; = 200 pA) taken
multiple events can sometimes occur in a single voltage at T = 4 K at the same place on a (9,5) CNT before the creation

ramp, indicating both the creation and removal reactions of a defect, during the creation of the defect, with the created defect,
during the same voltage ramp. during the removal of the defect, and after the annihilation of the

The protrusions, which are created by this method, exhibit defect. The scan direction for each image is from right to left. The
. ' o A ' dashed lines and the arrows indicate, respectively, when and where
different shapes that are visible in Figure 3. They can be

o . ; . the voltage ramp was applied during scanning. (b) Portiof(\df
divided in two categories: protrusions that show an unper- cyrves showing the characteristic step, indicated by a vertical arrow,
turbed structure of the nanotube lattice surrounding the and related to the local modification of the SWCNT. The upper

protrusion (type A) and protrusions which involve strong curve corresponds to the voltage ramp used for the creation of the
distortion of the nanotube lattice (type B). An example of defect, and the lower one is for its annihilation.

type A protrusion is seen in Figure 3a, and we associated it

with the adsorption of a molecule onto the wall of the  Central to the work reported here is our ability to create
nanotubé? This molecule may diffuse from the Au(111) and subsequently remove a type B protrusion. An example
surface to adsorb on the nanotube or may have been pickeds given in Figure 4, where a defect-free nanotube is first
up by the tip during scanning and is released on the nanotubeimaged and the voltage ramp is then turned on (upper curve
during the voltage ramp. In contrast, type B protrusions show in Figure 4b). After the voltage is reset to its initial value, a
a lower contrast (see Supporting Information, Figure S4), protrusion is visible in the middle of the nanotube. By
and the protrusions resemble those generally attributed toapplying a second voltage ramp to the nanotube, the
point defects in the nanotul§é? They are found either on  protrusion disappears. Although the characteristic step in the
top of the nanotube (Figure 3b) or on the sidewall (Figure Z(V) curve does not occur at the same voltage used for the
3c). As the interference pattern observed for these protrusionscreation of the protrusion (lower curve in Figure 4b), the
suggests an electronic origin with the expectation of a strong nanotube recovers its initial crystallographic structure, as
modification of the local density of states at the position of shown in the last STM image of Figure 4a. Interestingly,
the defect, we focus the rest of the paper onto type B the example in Figure 4 illustrates that the creation or
protrusions. removal of a defect does not always occur at the position
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Figure 5. (a) d/dV image acquired a&fs = + 0.4 V in the region
of the defect shown in Figure 4. The image is rotated by \8ith

respect to the STM images of Figure 4. Feedback paraméiers . .
0.9V, I, = 200 pA, T = 4 K. Image size: 10 nnx 5 nm. (b) on this (9,5) nanotube, the spectroscopic measurements

Spatial variation of HdV as a function of the sample voltage indicate that the creation of a type B protrusions causes a
acquired along the horizontal line in panel a. The four horizontal sjgnificant modification of the nanotube electronic structure,
dashed lines indicate characteristic energy positions in thty/d fspatially localized at the location of the defect.

curves: the upper and lower ones correspond to the band gap o .
the nanotube and the line in between corresponding to the defect We have observed that the type B protrusions are stable

states (areas 1, 2, and 3). (&) curves corresponding respectively for days if we do not apply a second voltage sweep to the
to the four vertical dashed lines running through the defect statesnanotube and that it did not disappear due to thermal

(I=1Il from left to right) and a defect-free region (IV, upmost to  fluctuations event at room temperature. To further understand
the right) in panels a,b. the creation and annihilation reaction discussed above, we
examined the bias-voltage dependence of the reaction rates.
where the voltage sweep is applied, but a few nanometerFor this purpose, the voltage ramps were applied on many
apart. In that case, the annihilation of the defects might take nanotubes with different STM tips. The sample voltage was
place with a backward step of the piezo, instead of a  swept from+1.0 to+8.0 V with increasing absolute value
decrease of the tipsample distance as shown in Figure 2b. of V; in 1.2 s. During the voltage ramp, the tipample
Because the lattice distortion is likely to be caused by a distance was feedback controlled with the reference tunnel
local modification of the nanotube electronic structure, current at 1.0 nA. All experiments were performed at 77 K.
spatially resolved spectroscopic measurements were per-The histograms of the sample voltage thresholds at which
formed on the nanotube shown in Figure 4 between the the creation or annihilation events occur are shown in Figure
creation and annihilation processes. Figure 5a shows the6.
differential conductance imaged at 0.4 V in the area of the  The distribution of the voltage thresholds for the creation
defect, where an interference pattern is clearly seen wrappingevents does not mark a clear onset, although the creation of
the nanotube, but spatially localized along the main axis of a defect is lower for smaller voltages. Conversely, the
the nanotube. To get a better insight into the local variation probability to produce an annihilation event is the highest
of the SWCNT electronic structure, the variations of the at small voltages indicating therefore that the energy barrier
differential conductance are plotted as a function of the height for the annihilation process is lower than the one for
voltage along a line running through the defect. As seen in the creation process. Futhermore, it is worth pointing out
Figure 5b, while the band gap of the nanotube is measuredthat the measured voltage thresholds are smaller compared
to be 1.13 eV in the defect-free region deduced from most with the barrier energy for the removal of a carbon atom
external horizontal dashed lines, théd¥ profile measured  from a SWCNT, which was estimated to be 10 to 20%V.
on the defect clearly shows intense signal in the band gapUsually, for an accelerated electron to give this amount of
region of the nanotube at energies of-&0.45 and+0.26 energy to a CNT, electrons must be accelerated up to 100
eV. Those peaks, visible in Figure 5c, are quite localized keV.2! In contrast, the amount of energy needed to rotate a
along the main axis of the nanotube and are consistent withC—C bond in a nanotube wall or to create a point defect
the position of the deep levels generally found for point induced by a hydrogen ion is found to be compatible with
defects related to vacancy-adatom pair or adatadatom the range of voltage thresholds shown in Figuré%.
complex in a nanotub®!®2°Although theoretical supportis  Although we cannot rule out that hydrogen ions may be
required to determine the precise nature of the defect createdoroduced by the voltage ramp due to their desorption from

Figure 6. Distribution of the voltage thresholds for (a) creation
and (b) annihilation events.

3626 Nano Lett, Vol. 7, No. 12, 2007



molecular species in the vicinity of the nanotube and their 68, 1579. (d) Tans, S. J.; Devoret, M. H.; Dai, H.; Thess, A.; Smalley,
; il R. E.; Geerligs, L. J.; Dekker, QNature 1997, 386, 474.

further adsorption on the nanotube wall, t.he reproQumbmty (2) Tans. S. 3. Verschueren, A. R. M.; Dekker Nature 1998 393

of the defect shape for several successive creation events =~ 4q

on the same nanotube favors the formation of defects related (3) Yao, Z.; Postma, H. W. Ch.; Balents, L.; Dekker, \ature 1999

to the rotation of G-C bonds (see Supporting Information). 402, 273. _ o

Variability of the threshold voltages is also consistent with (%) zhou, C.; Kong, J.; Yenilmez, £, Dai, icience200Q 290, 1552.
ariabiiity ag 15t 11 (5) Lee, J.; Kim, H.; Kahng, S. J.; Kim, G.; Son, Y. W.; Ihm, J.; Kato,

the variation of the energy barrier to create or annihilate point H.; Wang, Z. W.; Okazaki, T.; Shinohara, H.; Kuk, Mature2002

defects induced by different rotation of<C bonds, whose 415 1005,

. . (6) Lee, S.; Kim, G.; Kim, H.; Choi, B. Y.; Lee, J.; Jeong, B. W.; lhm,
formation energy depends on the helicity of the nanotdbes. J: KUk, Y.: Kahng, S. JPhys. Re. Lett. 2005 95, 166402.

In a conclusion, we propose a method to form point defects  (7) park, J.-.Appl. Phys. Lett2007, 90, 023112.
on the wall of a nanotube based on the application of a (8) Stone, A. J.; Wales, D. Lhem. Phys. Lettl986 128 501.
voltage ramp while the tunneling current is kept constant (%) Smith, B. W.; Luzzi, D. EJ. Appl. Phys2001, 90, 3509.
. (10) Orlikowski, D.; Nardelli, M. B.; Bernholc, J.; Roland, €hys. Re.

between the STM tip and the nanotube. The defects show Lett. 1999 83, 4132.
localized states in the band gap of the nanotube, and (11) Nikitin, A.; Osagawara, H.; Mann, D.; Denecke, R.; Zhang, Z.; Dai,
spectroscopic studies as well as the analysis of the energetic __ H- Cho, K.; Nilsson, APhys. Re. Lett. 2005 95, 225507.

- . . . (12) Krasheninnikov, A. V.; Nordlund, K.; Keinonen,Rhys. Re. B 2002
distribution for the defect formation suggest the creation of 65 165423,
defects induced by the rotation of«C bonds, such as Stone-  (13) (a) Wildeer, J. W. G.; Venema, L. C.; Rinzler, A. G.; Smalley, R.
Wales defects. Remarkably, the defects are removed by the E.; Dekker, C.Nature 1998 391, 59. (b) Odom, T. W.; Huang, J.-

: : L.; Kim, P.; Lieber, C. M.Nature 1998 391, 62.
same methods, allowing the nanotube wall to recover its (14) 1shigami. M. Choi, H. J.: Aloni, S.- Louie, S. G.: Cohen, M. L.

initial structure. Such a reversible manipulation of the Zettl, A. Phys. Re. Lett. 2004 93, 196803.
nanotube wall should open the way to create confined regions (15) Rubio, A.; Apell, S. P.; Venema, L. C.; Dekker, Eur. Phys. J. B
within SWCNTSs. 2000 17, 301.

(16) Martell, R.; Schmidt, T.; Shea, H. R.; Hertel, T.; Avouris, Rppl.
. . Phys. Lett.1998 73, 2447.
Acknowledgment. This work was supported in part by  (17) venema, L. C.; Meunier, V.; Lambin, Ph.; Dekker,Rhys. Re. B
a Grant-in-Aid for Scientific research from the Ministry of 200Q 61, 2991.

; ; (18) Graupner, R.; Abraham, J.; Wunderlich, D.; Vencelova, A.; Lauffer,
Education, Culture, Sports, Science, and Technology of P Rehrl, 0. Hundhausen, M.: Ley, L. Hirsch, 4. Am. Chem.
Japan. Soc.2006 128 6683.

(19) Kim, H.; Lee, J.; Lee, S.; Kuk, Y.; Park, J.-Y.; Kahng, SPhys.
Supporting Information Available: Figures showing Rev. B 2005 71, 235402.

different sequences of creation and annihilation events. This (20) Buchs, G.; Krasheninnikov, A. V.; Ruffieux, P.. Giiag, P.; Foster,

L . . A. S.; Nieminen, R. M.; Gionig, O.New. J. Phys2007, 9, 275.
material is available free of charge via the Internet at http:// 51y Banhart, FRep. Prog. Physlgggg 62 1181. Y

pubs.acs.org. (22) Nardelli, M. B.; Yacobson, B. I.; Bernholc, Phys. Re. B 1998
57, R4277.
References (23) Buchs, G.; Ruffieux, P.; Grong, P.; Gimnig, O.Appl. Phys. Lett.
) ) 2007, 90, 013104,
(1) (@ lijima, S.Nature 1991, 354 56. (b) Saito; R.; Fujita; M.; (24) Zhou, L. G.; Shi, S.-QAppl. Phys. Lett2003 83, 1222.
Dresselhaus, G.; Dresselhaus, MABpl. Phys. Lett1992 60, 2201.
(c) Hamada, N.; Sawada, S. |.; OshiyamaPhys. Re. Lett. 1992 NLO71845C

Nano Lett., Vol. 7, No. 12, 2007 3627



