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Abstract

Carbon nanotubes are the focus of considerable rese@ioctselue to their fascinating physical properties. They pro
vide an excellent model system for the study of one dimemsimaterials and molecular electronics. The chirality of
nanotubes can lead to venyfidirent electronic behaviours, either metallic or semicetidg. Their electronic spec-
trum consists of a series of Van Hove singularities definihgradgap for semiconducting tubes and molecular orbitals
at the corresponding energies. A promising way to tune tin@tudes electronic properties for future applications is
to use doping by heteroatoms. Here we report on experimenesgtigation of the role of many-body interactions in
nanotube bandgaps, the visualization in direct space ahtilecular orbitals of nanotubes and the properties of nitro
gen doped nanotubes using scanning tunneling microscapramsmission electron microscopy as well as electron
energy loss spectroscopy.

Résumé

Etude couplée par TEM/EELS et STM/STS des propriétés structurales et électroniques des nandies C et

CNy

Les nanotubes de carbone sont I'objet d'importarisres de recherche en raison de leurs fascinantes propriétés
physiques. lls constituent un systéeme modeéle particufiere intéressant pour I'étude fondamentale de matériaux
a une dimension et pour I'électronique moléculaire. En fimmcde leur chiralité, les nanotubes peuvent adopter un
comportement électronique soit semiconducteur soit igiial Leur spectre électronique est dominé par une série
de singularités de Van Hove qui définit la bande interdite tdbes semiconducteurs et les orbitales moléculaires
situées a ces énergies. Pour contrdler et moduler les ptéplectroniques des nanotubes, une voie prometteuse est
d'utiliser le dopage par des hétéroatomes. Les travaweptés ici portent sur I'étude expérimentale de I'influence
des interactions a N corps sur la valeur de la bande inteddg@ubes semiconducteurs, la visualisation dans I'espace
direct des orbitales moléculaires des nanotubes et legigtép des nanotubes dopés par I'azote en utilisant des
mesures de microscopie tunnel, microscopie électronidpadeyage et spectroscopie de perte d'énergie des électrons

Keywords: Carbon nanotubes; STETS; EELS
Mots-clés :Nanotubes de carbone ; STSITS ; EELS

1. Introduction

Carbon nanotubes (CNTSs) have attracted considerablegttfar their unique electronic properties due to their
one dimensional character [1, 2]. A nanotube consists imgleigraphene layer rolled up into a hollow cylinder.
The many possibilities to roll up this sheet lead tfietient chiralities for the CNTs. Depending on this chiralibe
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resulting CNTs can be either metallic or semiconductingis Bpecial link between atomic structure and electronic
properties makes the CNTs fascinating candidates for mataleelectronics. A promising way to further tune and
control the electronic structure of CNTs is to dope them Vétieign atoms. Direct doping during the synthesis opens
a promising route for potential applications, such as fietdssion, gas sensor and negativ&eatiential resistance
(NDR) devices [3, 4, 5, 6, 7]. In this context, multiwall naabes containing nitrogen dopants (cMWNTSs) have
been successfully produced byfdrent groups [8, 9]. However, the as-grown GNMWNTSs usually have a bamboo-
like structure involving a high density of defects, whichhgalicates the investigation of nitrogen configurations and
nitrogen-inducedféects. Compared to MWNTS, single-wall nanotubes (SWNTshatter candidates, but only a few
studies on the synthesis of nitrogen-doped SWNTs{SMWN/NTs) have been reported [10, 11, 12]. In these studies,
chemical characterization, such as electron energy lasstrgscopy (EELS) [10, 12] or X-ray photoelectron spec-
troscopy (XPS) [11], has been employed to analyze the C-Mlibgrenvironment, as done before on OiNaterials,
films or multi-wall nanotubes [4, 5]. These studies on,&HWNTs diverge, to some extent, in their interpretation
of C-N bonding. An éicient approach providing more than chemical informationdeded to understand nitrogen
incorporation and doping impact on the atomic and electrstructure of nanotubes.

Scanning tunneling microscopy (STM) and scanning tungedprectroscopy (STS) are powerful tools to measure
local electronic properties of SWNTSs and correlate therh @ieir atomic structure [13, 14]. Theoretical calculation
[15, 16, 17] have shown that a single defect (vacancy, pentagdatom) can manifest itself as a perturbation in the
carbon network in STM images and as a modification of the Idealsity of states (LDOS) in STS measurements.
Thus STMSTS measurements can reveal the atomic structure and thelRgd§e of nanotube-based hetero-junctions
[18, 19, 20], plasma-sputtered nanotubes [21] and otheotnhe based systems. Czerw et al [22] have reported
STM/STS studies on CNMWNTSs. However, studies concerning (ISWNTs are still scarce.

In the case of pristine nanotubes, the pioneering expetswéiocal tunneling spectroscopy on SWNTSs have been
interpreted within a tight-binding single particle mod2B[ 24, 25] neglecting many-bodyfects. The same model
was also able to reproduce optical measurements. Howevas iheen shown that excitons have a major contribution
to the optical transitions [26, 27, 28, 29]. As a consequgtheesimilar values of the gap of SWNTs measured either
by STM — not expected to be sensitive to the excitons — or aptibsorption became unclear and it is necessary to
revisit the STS study of SWNTSs.

In this context, we studied by STS the electronic bandgapsief C-SWNTs and solved this apparent controversy
using a model where many-bodffects are screened by the image charge induced in the metatiigtrate. In order
to provide a complete picture of the electronic structurearfotubes as can be measured at the atomic scale by STM,
we also investigated the wavefunctions associated to theHéve singularities (VHSs) which can be regarded as
nanotube molecular orbitals. These orbitals play a majler irocontrolling the electronic bandstructure of carbon
nanotubes upon doping or functionalization [30]. The mediibn of the electronic structure of CNTs by nitrogen
doping has also been studied [31] by coupling morphologyyaisby TEM, chemical characterization by EELS and
STM/STS measurements.

2. Experimental

Different sorts of nanotubes were used in the present studyg therhome-made reactor at ONERA [32], pure
carbon SWNTs were synthesized in the arc discharge confignrahereas the nitrogen doped nanotubes were syn-
thesized in the laser vaporization configuration descridselwhere [31]. The synthesis products were ultrasowicall
dispersed in absolute ethanol for 15 min and deposited ats dor TEM studies (Philips CM20, 200 kV) of the
morphology and of the diameter of nanotubes. Several tepsi@f carbon nanotubes were statistically analyzed.
Using a Gaussian fit, we obtained a statistical distributittube diameter centred on 1.4 nm with a full-width at half-
maximum of 0.2 nm. A third type of tubes was synthesized inréicad flow aerosol reactor [33]. EELS experiments
have been carried out in a dedicated scanning TEM (STEM) \B541 (100 KV). We used a sligthly defocussed
probe of a few nm in diameter, with a convergence angle of 1&dnand a collection angle of 24 mrad. Particular
attention has been devoted to contamination and damagegdacquisition. STM measurements at room tempera-
ture were performed using an Omicron Nanotechnotogsariable temperature STM. STEITS measurements were
performed using an Omicron Nanotechnol@@yow temperature (5K) STM operating under UHV conditionsgle
than 101° mbar). Arc and laser nanotubes were deposited from a dispérsalcohol after sonication onto a single-
crystalline Au (111) surface previously cleaned under Ukdvidition by repeated cycles of ion argon sputtering and
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annealing at 800 K. The samples were dried in air and intreducto the UHV system. CVD nanotubes were de-
positedin situ onto commercial gold on glass surface previously flashedutgrie flame in air. Before STETS
measurements, the samples were outgassed for 2 hours teeeasidual molecules. All measurements were per-
formed with tungsten tips.

3. Electronic bandgap of CNTs on a Au(111) surface

3.1. Bandgap distribution in a bundle of nanotubes

After dispersion and deposition on the Au(111) substratestnof the nanotubes remain arranged in bundles,
allowing us to measure bandgaps of single nanotubes, alirestly in contact with the metallic substrate, or sepa-
rated from the metal by neighboring nanotubes. In Fig. M@&) present the topographic image of a bundle on the
Au(111) substrate. The nanotubes are intertwined in thelleuiThe diferential conductance image at 20 mV (Fig.
1(b)) depicting the distribution of the local densities tGftes permits us to distinguish clearly the metallic from th
semiconducting tubes in the bundle. Its color scale comedgto the level of the LDOS at 20 mV and reveals the
presence of semiconducting tubes in the bundle, that aplaelamwhereas the metallic tubes appear with a color code
closer to that of the gold substrate.

This conductance image can be further understood by lockiiriige dfdV spectra plotted in Fig. 1(c). On the
gold substrate, the flerential conductance has a constant non-zero value, asterpglack dashed curve). On
the nanotubes, the spectra are dominated by VHSs. On thdlimtthe, the conductance (blue dotted spectrum)
between the two first singularities is close to that of thestnalbe, except around the Fermi level where it displays
a local minimum. This pseudo-gap [34] can be induced by aature dfect [35] or to intertube interactions [36].
Two spectra of semi-conducting tubes are also shown in K@. IThe spectrum of tube 1 (green curve) exhibits
a strong asymmetry with respect to the Fermi level, which lmarattributed to charge transfer from the substrate
[13, 14, 37] . The energy separation between the first twousdmigies on each side of the Fermi level is denoted
E3, for semiconducting tubes anc{"lE‘or metallic tubes, respectively. One can measure thesesalt the point of
maximum slope in the peak [38] . In this wdsj;, is found to be equal to 0.70 eV (green spectrum) for tube LTthre
contacting the substrate and to 0.91 eV for tube 2 (red gpagiat the top of the bundle.
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Figure 1: (Color online) STNSTS of a bundle of tubes on the substrate. (a) Topographigemihias = 1 V, lsetpoint= 0.4 nA. (b) Diterential
conductance images at 20 mV. The images are 40x4 fiime color scale corresponds to the level of DOS. At 20 mVstmaiconducting tubes
have zero DOS and turn out to be darker compared to the stébammd the metallic tubes. (c) Representativel\dispectra taken at locations
indicated by markers blue, red, green and black in image (a).

The renormalization of the electronic gap of a molecule dusubstrate-induced charginffects in STS mea-
surement has been already studied both theoretically gretiaxentally [39, 40, 41]. The screeninfjext due to the
image charge in the metal was found to account for the deefdle electronic gap of the molecules deposited on the
substrate. For the nanotubes, when they are in contact waitbtallic substrate, thisiect should also be considered.
Here the measurek‘flf1 value of tube 1 is indeed smaller than for tube 2 and tifeince cannot be explained by the
distribution in tube diameters [42]. This suggests thattthe-substrate distance would probably have an impact on
the Efl value measured by STS.



3.2. Bandgap reduction due to screening by the metallictsates

In order to verify the relation between the tube-substrafgagmtion and the measured bandgap, we have also
studied the pure carbon SWNTSs synthesized by CVD. The hato@f the measureﬂfl values (see Fig. 2) shows
a clear right shift oEf1 measured on the top of bundles (red) with respect to thossunegion the tubes contacting
the substrate (blue), in good agreement with the resultsmdd on the arc samples.

The present observation can be explained as follows (sesctieme in Fig. 3). According to the literature, the
intrinsic gap of semiconducting tubes is the sum of the shpgirticle gap and of the self-energy induced by the many-
body dfect [43, 44]. In STS measurements, the screenfiiegecan be understood from an image charge model, where
the Efl transition of a nanotube adsorbed on a metal corresponts eip of the free nanotube (including electron-
electron interactions) reduced by the screening energytires from the image charge in the me@#/(2h,), where
h, is the tube-substrate distance [42]. For the tubes contathie substratehf = h;), the many-body &ect is
practically compensated by the substrate-induced sargewhich reduces significantly the gap and approaches the
single-particle gap value. As, increasesh = hy), the screeningféect decreases and leads to larger experimental
STS values. The limib, — oo, allows us then to estimate the unscreened gap of nanotubes.
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Figure 2: (Color online) Histogram tﬁfl measured on the CVD sample. Blue bars: values measured tub#gecontacting the metallic substrate,
Magenta bars: values measured on top of the bundles.

Experimentally, the major role played by many-bodigets has been first demonstrated by optical measurements
[43, 44]. The electron-hole interaction confined in the goas dimension system leads to important excitofliec
in the optical absorption. Atfirst glance, the STM experitseme not supposed to be sensitive to such an electron-hole
interaction [27]. Therefore, it is instructive to compahe ISTS measurement with optical absorption experiments.
The inset in Fig. 3 shows the optical absorption spectrumsomea on the same patch of arc nanotubes. The energy
difference AE) between the optical transition and the asymptotic valifeby STS is then expected to correspond to
the exciton binding energy. In this way, we obtai&?, ~ 0.4 eV, close to the value determined in previous optical
measurements [44].

4. The molecular orbitals of carbon nanotubes

In the context of controlling the electronic band structofearbon nanotubes using doping or functionalization,
the molecular orbitals of SWNTs play a major role, since taey fully involved in the transport properties and the
chemical reactivity of SWNTs [30]. It has been predicted tiva defect-free semiconducting tubes, the electronic
states would exhibit broken symmetry [45, 46, 16, 47]. Lamalductance measurement of SWNTSs using atomically
resolved STS allows us to investigate such an asymmetry &svH

4.1. Semiconducting tube: 3f

In Fig. 4(a-d), we present theftérential conductance images/@V maps) in color scale of a semiconducting tube
at the energies of the VHSs. The hexagonal lattice is detexuindn the topographic image [48] and superimposed
in the images to indicate the position of carbon atoms. Teifitant deformation of the lattice is mostly due to
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Figure 3: (Color online) Schematic illustration for tE%transition in diferent situations. The inset shows optical absorption nredsan our arc
nanotube sample.

the drift occurring during the long acquisition time as wal distorsions induced by the curvature of the nanotube.
These conductance images show a strong anisotropy of gefisitates which is energy-dependent. More precisely,
for the images at VH81 and VHS-2, one third of the C-C bonds are highlighted while ¢ther C-C bonds are
more intense at VHS-1 and VHR. The four images can be summarized into twiedent patterns sketched in
Fig. 4(e,f). The superimposition of these two types of inggeich as VHS$1, restitutes a full sixfold symmetry.

In Fig. 4(g), we plot the dferential conductance profiles along an hexagon. Startmmg the atom labeled 1 in
Fig. 4(f), the VHS-1 profile in the clockwise direction of the hexagon displays thaxima corresponding to higher
DOS and four minima indicating lower DOS. The maxjmaima of VHS+1 are exactly at the same position as the
minimgmaxima of VHS-1. The conductance profile at VHS-1 has theansymmetry with respect to the profile at
VHS+1, demonstrating clearly the complementary nature of thesgatterns.

—— VHS-1
VHS#+1

[0)]

Conductance (mV) ~—~

0.0 05 10
Position (nm)

Figure 4: (Color online) Oferential conductance image of the semiconducting tube &H{&-2=-0.778 V; (b) VHS-1=-0.374V; (c) VHS+1 =
0.374 V, (d) VHS2 = 0.778 V. The white arrow indicates the axial direction of thiee and the honeycomb lattice of the tube is drawn by blue
lines. (e, f) Schematic illustration of the two wave patterig) Diterential conductance profiles at VH$ along the hexagon indicated by the
blacks dots in figure (f). The starting point is the atom lakel and we followed the clockwise direction. The dashedlindicate the position of
the atoms.

4.2. Semiconducting tube: 3p-1

Similar patterns with broken symmetry were systematioaligerved on the defect-free nanotubes. Fig. 5 shows
the dydV maps of a second type of semiconducting tube. At ¥H&nd VHS-2, two thirds of the C-C bonds have
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a maximum of LDOS. The most inclined bond with respect to tkialarientation has maxima of electron density
at VHS-1 and VHS 2, presenting an opposite behavior to that of the previoasngke. As will be shown in the
following, this behavior is the signature of (n,m) tubestwit- m = 3p— 1 wheras the example shown in the previous
section is typical of aa — m= 3p + 1 tube.

Figure 5: (Color online) Oferential conductance images of the semiconducting tub&a ab.640 V; (b) -0.302 V; (c) 0.447 V and (d) 0.809 V.
(e, f) Schematic illustration of the imaging patterns. Tiieet axis is oriented in the horizontal direction.

4.3. Tight binding analysis

In the literature, interference patterns have been obdérnv&TM topographic images close to defects such as
chemical impurities, cap ends or in finite length nanotuld®s 50, 51]. Diferential conductance images have also
been obtained in a finite length tube using locdlladiential conductance spectroscopy [52]. These obsensltiave
been explained qualitatively by interferendieets between the Bloch waves [45, 53, 50]. In contrast, @aulte of
dl/dV maps were performed far from the extremity of the tube ardevobserved systematically. Our observations
are consistent with the prediction that the electroniestatould display broken symmetrifect [46, 49, 45, 47, 54].

A chemist approach in real space [48] appears to be verydtailso as we show now. We follow the classical
zone-folding theory based onmatight binding description of the graphene band structurbe folling up of the
graphene sheet implies that the allowedectors belong to the so-called cutting lines parallel ®tthibe axis, sep-
arated by #z/L, whereL = zd is the length of the chiral vector ardis the diameter of the tube. If (n,m) are the
coordinates of the chiral vector, the position of the cgtiines with respect to thK points depends on the value of
n—mmodulo 3. In the case of metallic tub&s; m = 3p and some cutting lines are going through khpoints. In the
case of semiconducting tubes: m = 3p + 1, and the nearest line is at a distane¢3_ on the left (resp. right) hand
side ofK point whenn—m= 3p+ 1 (resp. - 1). This depends on the specific choice of khpoint (see Fig. 6(a)),
but the final result of our analysis will not. Close to tKepoint, the linearity of the dispersion relation of graphene
implies that the energl is proportional tdk — K|. For an—m = 3p+ 1 tube, as indicated in Fig. 6(a), tRerector of
its LUMO state corresponds o= K + g, whereq = dp, 6 is defined as a vector of lengttr BL pointing along the
direction of the chiral vector in the negative direction. fBa other side of th& point, thek = K + q= K- 2qp vector
corresponds to the second singularity. The Bloch eigesstaita singularity have only a double trivial degeneracy
+K, —K being close to &’ point of the Brillouin zone.

Since there are two atoms per unit cell in the graphene siridthe eigenstatésy,) are built from two indepen-

dent Bloch statet;lzl) and| IZZ):

|u) = Cy | Kp) +Co | Kp). @
These two Bloch Statqul(g)) are linear combinations of atomic stai@) at sitefi in the two sublattices.
|Kigp = > €< ). (2)
fel(2)



Figure 6: (Color online) (a) Brillouin zone of the hexagowahphene lattice (left) with a zoom close to thepoint showing the cutting lines
parallel to the tube axis in the case of semiconducting tutiew- m = 3p + 1 (right). (b) Relation betweemn, d and chiral angl®. w is the angle
between thej vector and theX axis and is related to the chiral angled is defined as the smallest angle betwagrector and chiral vectot, and
0 < 6 < /6. For the LUMO state of a— m = 3p + 1 tube,q = o, (o being a vector of length/2 3L pointing along the direction of the chiral
vector in the negative direction, the corresponding 6 + %. (c) llustration of the anglé, = w - § - K .2, for the LUMO state of the tubes of
n-m=3p+1ltype,a=123.6, =6,0+2r/3 andd — 21/3, respectively. Thusg), represents the angle between the vegjoand the tube axis

Dropping for simplicity thek indices, the wavefunctions in real spagg) can be written as:

() = P1y)=C1 y é¥g(r—) +Cy » &¥p(r~ ) = Cays + Ca . (3)

fiel fie2
whereg(F — i) is ther atomic orbital centered on sife! We can now calculate the electronic dengi(§) = /]2,
o() = [Cafyaf? + IC2Ilw2l? + C1Coyars + CiCat . (4)

This development involves an expansion in products of tamatwavefunctions at fierent sites. Folgy12)?:

il = Y Mg g(r-m). (5)

Amel(2)

In the first neighbor approximation, the overlap functigri — fi) ¢(F — M) can be neglected when= m, because
first neighbour sites belong toftérent sublattices and the above terms reduce to the su@rpa atomic densities:

Wl = ) ¢*(r—n). (6)

fiel(2)

In the same approximation, the cross term is given by:

pwy =y O Mee— ) g(r-m), )

fiel,me2
wherert andm are first neighbors. Close to tiepoint, the ratioC;/C, is given by?

C1/C, = sgnE)e“ ). (8)

1. Here we consider only thestates.

2. In the tight binding model, the Hamiltoniai(K) has only df-diagonal non-vanishing matrix elements$(K)11 = H(K)22 = 0 andH(K)12 =
H*(K)21. The eigenvalues of energy is given By= +yoll(K)] = +yolek 7 + &72 + dK73|, whereyy is thet transfer integral between first neighbors.
71, T2 and73 are the vectors joining one atom to its three first neighkessndicated in Fig. 6. Close tokapoint, K=K+ gandr(K) = 0. Thus,
by developingl“(IZ) ito first order ing, F(IZ) = —%qé‘(““%), whereag. is the C-C nearest neighbor distanggs the module ofj, w is the angle
betweend and thex axis, see Fig. 6(a). The energy= i%‘CT”Oq depends only on the modulus @f SinceHy = Ey, EC; = —yor(l?)cz, the ratio
C1/C; is then directly obtained.



where sgnE)= + 1 depends on the sign & andw is the angle betweegq and thex axis. This implies that the
ratio C1/C; just introduces a phase factor related to the direction @fjthector,i.e. finally to the chiral angl®, as
indicated in Fig. 6(b). The chiral angtehere is precisely defined as the smallest angle betwees tlagtice vector
and the chiral vecto€;, so that 0< 6 < 7/6. SincéCy|? = |C,/2 we can normalize the density in Eq. (4) by fixing
these quantities equal to unity. Finally, combining Equagi (6), (7) and (4), we obtain the expression of the local
density of states(F, E), which is the quantity measured in ST&F, E) can be written as:

n(E) x p(r)
n(E)x{ ) ¢*(r-n)

fel+2

n(r, E)

1R

+

[sgn(E) Z glk(t-M+w—8] 4P _ f)p( — ) + complex conjugate]
fel,me2

N(E) x {par(r) + pint(7)} » 9)

wheren(E) is the density of statepg(F) is the superposition of electron atomic densities ap(r) is the interference
centered on the C-C bonds.

The breaking of the sixfold symmetry is caused by the secerd pi:(F). Its intensity is proportional to the
nearest neighbor overlap. Than- i is one of the?, vectors between first neighbors shown in Fig. 6(b,c). Kegpin
only the terms of lowest order, we can also replﬁb@r K, and the interference termy(F) can be written as:

pint(F) = 2¢(N)¢(F - 7o) x sgnE) costa , (10)

whered, = w - £ - K.7,.

From Eq. (10), we see that the electronic density of thefietence term is determined by the factor dg)Jgosd,, .
To discuss the value of cég, let us first consider the LUMO state ofra- m = 3p + 1 tube. As mentioned above,
the corresponding vectd = dp, points along the negative direction of the chiral ve€gr so thatw = 6 + 5—6” (see
Fig. 6(b)). Whenz, = 71, &, 73, K.2, is equal to 2/3, 0 and 4/3 respectively and the corresponding values of
Oy =w—5— K .7, are equal t@, 6 + 27/3 andd — 2/3. As shown in Fig. 6(c), these angles are equal to the angles
between the tube axiB and the C-C bond&, 25. We have cog; > 0, cosf, 3 < 0. Switching to the LUMQ-1 case,
thed vector should take the value2dy. This leads to a shift of in w with respect to the LUMO state and inverts the
sign of co9,. Considering both the sign & and co9,, there are four possibilities, as listed in table. 1. Dejpeagd
on the sign of sgrif) cosd,, basically two types of images are then expected:

|HOMO-1 HOMO LUMO LUMO +1

E - - + +
da —20o do do —20o
COoSsb, - + + -
C0SHo + - - +
C0SH3 + - - +
sgn(E) cosd; + - + -
sgn(E) cosd, - + - +
sgn(E) cosds - + - +
Image Type | I I I Il

Table 1: Sign of the phase factor s&)€osd, of the interference termi,:(F) for n— m= 3p + 1 tubes and the resulting interference image type.

Image of Type I: sgnE) cosd; > 0. As schematically illustrated in Fig. 4(e), the electr@emsity above the C-C
bonds pointing close to the tube axi§)is reinforced, all the more whehis small,i.e. close to a zig-zag orientation
(cosh ~ 1).

Image of Type Il: sgnE) cosd; < 0. In this case, when the chiral anglés close to zig-zag orientatiom (~
0, cosh, 3 ~ —1/2), the images present stripe reinforcements on the bongsipeicular to the axigt 3), as indicated
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in Fig. 4(f). The images of type | and type Il are complementard the superposition of both types reconstitutes the
six-fold symmetry of the graphene network. Ascreasesw — g — K.73 — 0 and the density on the corresponding
bonds 3 in Fig. 6(b,c)) gradually vanishes and the density conegesrprincipally on the bonds.

To summarize, for the tubes such that m= 3p+ 1, the LUMO and HUMO contributions are of type | and type
I, respectively, presenting complementary natures, lieedhe corresponding sidge)( values are opposite. When
going from the first VHS to the neighboring second VHS (sarge sfE), theq vectors are along opposite directions,
implying a shift ofr in the phase factap, which inverts the sign of cak,. Therefore, the singular contribution at the
second VHSs is also complementary of those of the first ones.

Considering now the other family of semiconducting tubesesegn — m = 3p — 1, theq vector of the LUMO
state should be replaced byjy, giving rise to a phase shift af with respect to the — m = 3p + 1 tubes. Thus, the
LUMO state presents the image type II. By analogy with theyesisin table. 1, their HOMO-1, HOMO, LUMO and
LUMO+1 states correspond to the images of type Il, I, Il and I, respaly, and are complementary to those of the
n—m= 3p+ 1tubes. These results agree perfectly with those obtan&hbe and Mele [45].

Turning back to experimental data, in Fig. 4(a-d) (see sactil), we have observed exactly only two types of
interference images as predicted by the tight-binding motiee axially oriented C-C bond has maximum electron
density at VHS-1 and minimum density at VHS-1. This implies that the invgsted tube belongs to the family
3p + 1. As for the tube shown in Fig. 5 (see section 4.2), its cotahae images at VHS-1 and VH$ exhibit the
interference pattern of Type | and Type I, respectivelycéwing to our tight binding model, it belongs to the family
3p-1.

5. Nitrogen doped single-walled carbon nanotubes

After having attained a deep understanding of the eleatrproperties of pure carbon nanotubes, we now study
nitrogen incorporation and its doping impact on the atomit @lectronic structure of nanotubes.

5.1. Structural and chemical characterization of GENWTs by TEMELS

Fig. 7(a) displays a TEM image of as-grown products disgkigesolution. We observe a random network
of single-walled nanotubes, which are assembled into msndlhese bundles contain a number of tubes varying
from a few units to a few tens. The tubes are well-crystadljznd very few defects are observed. Local chemical

(b)

Intensity (Arb. Units)

s s 40 405 40 415 420 425
Energy Loss (V)

Intensity (Arb. Units)

: — ]
300 350 400 450
Energy Loss (eV)

Figure 7: (Color online) (a)TEM image of dispersed £SWNTSs. (b) Sum of 6 EEL spectra recorded on the bundle of-SWNTSs displayed in
the inset (marked with an arrow). Inset: N-K edge spectrutainbd after background substraction (see the text).

characterization of as-grown nanotubes has been preyioasiied out using spatially-resolved electron energg los
spectroscopy (SREELS) of bundles of SWNTSs and individuabtizbes [12]. This analysis revealed a mean nitrogen
content about 1.7 atom %. Fig. 7(b) shows a representatampbe of the EELS spectrum recorded of those NTSs.
This EELS spectrum corresponds to the sum of six EEL spectpaiied on the bundle of NTs shown in the bright field
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Figure 8: (Color online) (a)STM image of a SWNT containingltiple defects. \&£ 0.5V, | = 200 pA, scale bar: 3 nm. The rectangle and square
indicate two types of defects. (b) Magnified image of a defeth large spatial extension. The distance between blatk idequal to 0.44 nm.
(c) Magnified image of a defect with small spatial extension.

i D

Figure 9: (Color online) STM images of a defective SWNT at\.@) and 1.3 V (b). = 200 pA. A defect is localized in the D zone. Next to the
defect site, an interference pattern can be observed.

image (acquisition conditions are described elsewherg {i€ acquisition time was two seconds for each spectrum).
From the shape of the C-K edge it can be deduced that the r®tonsist of a typical graphitic network with
sp’-type bonding and that the tubes are very well graphitized §§. The inset of Fig. 7(b) shows the N-K edge.
Two features can be observed-~aB98 and~ 402 eV, respectively. They could be attributed to thstates of the
pyridine-like and graphitic-like configuration, respeely [6, 12]. As a matter of fact, we observed a predominance
of pyridine-like nitrogen configuration [12].

5.2. Structural and electronic characterization of GENWTs by STETS

Following this chemical analysis, STM measurements of-GWNTs have revealed the presence of defects with
different characteristics. Fig. 8(a) displays a tube contgiminltiple defects. Two types of perturbation of carbon
network, appearing as a local protrusion, can be readindisished. The rectangle indicates the first defect with
large spatial extension {® nm), comprising axially oriented spots with a 0.44 nm paidiy, as indicated by the
black dots in the magnified image of Fig. 8(b). Similar defess been previously observed in our E8WNTs and
reported in [31]. We will present later on a detailed studytos kind of defect by combining STS spectroscopic data.

The second defect is indicated by the square in Fig. 8(a) amagnified image in Fig. 8(c). It appears as a
local protrusion with a series of “ridges” aligned alongatdal direction. Compared to the first defect, its spatial
extension is much smallexl nm. It is worth mentioning that such a signature has also béserved several times
in our CN,-SWNTSs. Even if the exact configuration of this defect is nod\n, we can exclude some cases. We first
consider topological defects. The signature of a vacanpyeadicted to be a bright hillock structure [15, 55] and it
has few in common with the present observation. The preggmatsire is more similar to the presence of a pentagon
in the graphitic network which is a ring protrusion [46] or Bo8e-Wales defect exhibiting a combination of double
rings protrusion with ridge-like structure [16]. Accordito DFT calculations [56], the signature of a single graphit
nitrogen is a triangular bright spot cluster weakly sewsito STM bias, which seems to exclude the possibility of a
single nitrogen atom in a substitutional site. The obsématf two different defect signatures in the same tube also
indicates that these two signatures should correspondfaretit atomic structures.

Fig. 9(a) shows the image of a nanotube measured at 1.0 V. &feetds localized in the middle of the image
(zone D). The dierence in height between the defect and the other part otiieis very small, which is éerent
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Figure 10: (Color online) The evolution of the electronicusture on the defective nanotube. (a) STM image of a detedtibe with a local
protrusion at the upper part of the tube=\1.1 V, | = 1 nA (b) Color map of the dierential conductance as a function of the bias voltage and of
the position along the defective tube in image (a). (c) T#P&TS in the defect-free zone (black curve) and on the mitnu(red dashed curve).

from the local protrusions presented above. It is worthngpthat, next to the defect site, the STM image exhibits an
interference pattern over long distance witlVaa x v/3a periodicity @ is the graphene lattice constant). This pattern
can be interpreted in terms of electronic interferenceoaiting from large momentum scattering of the electron wave
functions at the defect site between two nonequivalent Kigpivhich leads to a modulation in the electron density
[45, 49]. Similar patterns have been experimentally ote@diim the vicinity of tube end caps [50], of defects created
by hydrogen electron [57] and STM tip-induced defects [38]an oversimplified description, such an interference
pattern is a fingerprint of the presence of a localized defetich can act as an electron scatterer. In our observation,
since the amplitude of the DOS oscillation decreases wihdiktance, the mixture of various electron states leads to
a continuous change in the imaging pattern [50]. Upon irginggthe bias voltage up to 1.3V, the perturbation area
(zone D) fades out, and the tube presents a uniform interferpattern over a distance of 10 nm, consisting of bright
spots and wavy lines. Such long range interference patteves been frequently observed, suggesting the existence
of a several localized defects in our GISWNTS.

In order to have a deeper understanding of the defects adas@mour CN-SWNTS, a spectroscopic study has
been undertaken at low temperature. Fig. 10(a) displaysanieally resolved STM image of a nanotube with a
protrusion with a spatial extension about 6 nm, similar @ fihst defect reported above. In Fig. 10(b), we plot the
color map of diferential conductance spectra as a function of the biasg@mtad the position along the tube, which is
oriented vertically. Starting from the defect-free zonthatbottom of the image, the tube exhibits a typical eleétron
structure of a defect-free semiconducting tube. In Figc),{ typical STS of this defect-free zone (black curve)
exhibits the two first VHSs, giving an electronic gap abo@t\L. When the tip approaches the protrusion zone, two
new states appear inside the electronic gap at around -0&WI\0.24 V, respectively (dashed curve in Fig. 10(c)).
Referring to the literature, paired states near the Ferwei leave been attributed to the presence of vacancy-adatom
complex [59] or any two close point defects [57]. Assuminattthis defect is due to the presence of nitrogen, there
are several possibilities based on the understanding tfgbatates : 1) the presence of several nitrogen atoms; 2) the
combination of nitrogen with vacancy. This observatiomidiie with the results presented above where the defects
observed cannot be explained by a simple substitution ofraggn atom in the carbon lattice, but most likely by a
complex structure.
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5.3. Nitrogen configuration in CNSWNTSs

The C-N bonding in nitrogen doped CNTs has been studied wiqus works by Gleruget al. [10] and Ayala
et al. [60] who found that the nitrogen is incorporated in the wallth both graphitic and pyridine-like forms. In
contrast to these analysis, our EELS results suggest thatyttidine-like configuration is preferentially stabilidzen
SWNT, with respect to the graphitic one [12]. Some recendtéiical studies concerning the formation energy of
pyridinic and graphitic configurations have proved the gty of having only pyridinic configurations under some
conditions: on the basis of first-principles total energicafations, Minet al. [61] showed that the pyridine-like
nitrogen configuration is indeed energetically favored @sgared to graphitic configuration when two hydrogen
atoms are attached to passivate the broken carbon bond.eYahd62] showed that pyridine-like nitrogen becomes
more favorable than graphite-like nitrogen as the diam#¢ereases and as the chiral angle increases, in agreement
with [63]. It is also worth noting that Ayalat al. [60] have reported that pyridine-like configuration occatrfigher
synthesis temperature while the graphitic substitutionfigoration fades away. At the highest temperature achieved
in their synthesis (950, they showed a predominance of pyridine-like configuratibhese results support our EELS
findings.

Turning back to STM data, the protrusion with small extengibserved in our CNSWNTSs cannot be due to the
presence of a single graphitic nitrogen, whose signatupeeidicted to be a triangular bright cluster. In addition, if
the large protrusion in our sample observed by $FW5 is indeed caused by nitrogen, its electronic structuatsb
consistent with a non-graphitic nitrogen configurationislgenerally believed that the graphitic nitrogen gives ris
to a donor state [64, 65], while we observed a double peaktsirelwithin the gap. All these results imply that the
graphitic nitrogen is not the dominant one in our E8WNTS, which is in line with EELS analysis [12]. Therefore,
although a chemical characterization cannot be unambijyperformed from the STKETS data, we can conclude
that, if nitrogen atoms are at the origin of the defects olesrthe dominant configuration is probably not a single
simple substitution.

In order to have a general idea of defect distribution anédefontent in our CNSWNTS, we have performed
a statistical study of the atomically resolved STM imagegfedts have been detected~nl/3 of the investigated
zones (each is 20 nm). Assuming that all the defects observed by STM measemes are due to the presence of
nitrogen, the frequency of their detection in STM imagesg irst sight hardly compatible with the N concentration
determined from EELS, which revealed an average nitrogeceamration of~1.7 at% [12]. If the distribution of
nitrogen atoms on the tube surface is homogenous, accai@iBELS data, we should be able to observe a defect
associated with the presence of nitrogen every 4 nm (thisiabn takes into account the fact that N atoms can be
randomly distributed along the tube circumference anddhét the upper side of tube can be detected by the STM
tip). This apparent discrepancy between EELS and STM datdbeaxplained by a heterogenous N distribution, in
which case we should find some areas rich in N atoms. This keaiiie question of the nature of N configurations
when embedded in the graphitic network. As discussed alnitvegen atoms are incorporated in SWNTs as complex
defects, involving several nitrogen atoms. Thus, a smékguency of defect detection can be expected, as it is the
case of our STM measurement. This also agrees with the inpenemus distribution of nitrogen at the surface of
tubes found in the EELS analysis. Indeed, as shown in FigeSlvgerve a long range unperturbed zon@ nm),
but highly perturbed zones in some areas of the tubes.

Summarizing our results, STM data reveal the presencefirdit defects in our CNSWNTs. These defects
could be most likely made of complex structures involving @n more nitrogen and defects such as vacancieg/or 5
rings. STM and EELS results indicate that the nitrogen atarasot regularly dispersed along the tubes. Based on
this understanding, we would expect that the structuretadgén rich defects might vary from one defect to another,
randomly dispersed along the tube.

6. Conclusion

In this study, we have discussed the structural and elactpoperties of pristine and GN\single-walled nan-
otubes by combining TENEELS and STMSTS analyses. Firstly, we have evidenced the role of manly-bdects
played in STS and the role of the metal substrate which serése interactions via the image charge. The compar-
ison between STS and optical absorption measurement loagedllus to estimate the exciton binding energy of the
semiconducting tubes. Secondly, we have performed a coengperimental investigation of the molecular orbitals
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associated with Van Hove singularities in pure semicoridg@&WNTSs. Using a simple tight-binding model, we have
analyzed the symmetry of wavefunctions in SNWTs and dematest that the molecular orbitals of nanotubes at the
Van Hove singularities display only complementary behakso Finally, based on the analysis by TH¥&LS and
STM/STS, we have tentatively proposed a model for our&WNTSs: the insertion of nitrogen atoms should be
associated with dlierent structural defects, such as vacancies or pentagdfts &ieptagons and the clusters of these
structures disperse randomly along the tubes.
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