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Abstract

The relation between morphology and energy level alignment in carbon nanotubes (CNT) is a crucial information for the
optimization of applications in nanoelectronics, optics, mechanics and (bio)chemistry. Here we present a study of the relation
between the electronic properties and the morphology of Single Wall CNTs (SWCNT) and aligned and unaligned Multiwall
CNTs (MWCNT). The CNT were synthesized via catalytic chemical vapor deposition in ultra-high vacuum conditions.
Combined Ultraviolet Photoemission (PES) and Inverse Photoemission (IPES) spectra reveal a high sensitivity to the
nanotube morphology. In the case of unaligned SWCNT the distinctive unoccupied Van Hove Singularities (vHs) features are
observed in the high resolution IPES spectra. Those features are assigned to semiconducting and metallic SWCNT states,
according to calculated vHs DOS. The two MWCNT samples are similar in the diameter of the tube (about 15nm) and
present similar filled and empty electronic states, although the measured features in the aligned MWCNT are more defined.
Noteworthy, interlayer states are also revealed. Their intensities are directly related to the MWCNT alignment. Focussing and
geometrical effects related to the MWCNT alignment are discussed to account the spectral differences.

Keywords: Carbon Nanotubes, Photoemission, Inverse Photoemission, Van Hove Singularities

1. Introduction excellent mechanical and electronic properties, and have
_ . shown promising applications in several fields, as transistors
Carbon nanotubes (CNT) are the subject of intense [] 2], photovoltaic devices[3, 4], supercapacitors [5,6].
scientific research because of their exceptional set of Several methods were employed to synthesize carbon
physical properties, including ultrahigh stiffness, excellent panoscale materials, such as arc discharge, chemical vapor
carrier mobility, and structural control of their electronic  deposition (CVD), plasma method and laser ablation [7].
band structure. CNT combine unique nanostructure with  Today, CNT growth by CVD is a highly controlled process.
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The desired characteristic of the CNT are determined by the
deposition parameters and different catalytic processes can
be used: pyrolysis of iron phthalocyanine, decomposition of
acetylene, methane and alcohol over metal catalysts films
(iron, palladium, alumina-supported palladium, palladium-
germanium) [8]. Crucial information for CNT applications is
the understanding of the mutual relation between structural
and electronic details. X-ray absorption (XAS) and
photoemission spectroscopy (PES) are versatile techniques to
study the electronic structure and composition and are widely
used for the characterization of carbon nanostructured
materials [9, 10, 11]. In particular, Valence Band (VB) PES
spectra measure the m and o bands electron density,
respectively related to p, and sp? orbitals of CNT
[12,13,14,15]. XAS is a powerful tool to accurately study the
local density of empty electronic states of a selected element.
In carbon-based materials, the C K edge XAS is standardly
employed to obtain experimental information on
the unoccupied Carbon p-states. On the other hand,
Inverse Photoemission (IPES) experiments provide the
approximate measure of the total density of the
empty states (i.e. the spectra are proportional to the
Conduction Band CB). In previous works [16, 17, 18, 19, 20,
21] the sensitivity of IPES was explored for different types of
carbon structures (fullerenes, graphite, helicoidal, and
straight carbon nanofibers, whisker-like nanotube-nanofibers
among others), allowing the detection of the electronic
occupied states counterpart, i.e. ®* and o* bands. IPES
information is similar to XAS, though is not element
sensitive and no core hole are formed during the
measurements process [22, 23].

The electronic band structure of Single Wall CNT
(SWCNT) can be derived by cutting the band dispersion of a
graphene sheet along specific parallel lines in the reciprocal
space or in other words, applying periodic boundary
conditions on a rolled-up graphene lattice with only discrete
momenta along the circumference. As a consequence, the
density of states (DOS) of SWCNT is also characterized by
Van Hove singularities (vHs), which depend on the chirality
and diameter of the tube. Nevertheless broadening effect
have to be carefully considered when comparing calculated
vHs DOS with experimental data. A first broadening effect,
generally not considered in theoretical vHs DOS, is the
lifetime of the hole state created after the electron
photoemission. This effect is present also in chirality-pure
SWCNT and strongly dependent on the CNT diameter [24].
Moreover, several groups have reported the observation of
vHs from SWCNT samples containing SWCNTs with a
range of chirality/diameters [13, 25, 26]. Individual SWCNT
samples were studied by scanning tunneling spectroscopy
(STS) [9] and well-ordered arrays of SWCNT by PES [12,
13,24, 25, 26] XAS [13, 27, 28] and Electron Energy Loss
Spectroscopy (EELS) of the C-K edge [28]. The
spectroscopic details of the vHs fine structure with the
peculiar electronic properties of SWCNT, are discussed in
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the literature in terms of functionalization, i.e. charge transfer
and rehybridization or chemisorption and physisorption [26,
27].

In the case of Multi Wall CNT (MWCNT) both the filled
electronic states, as detected by PES Valence Band (VB)
data, and the empty states, as measured by IPES [17-20] and
C-K edge XAS spectra in the literature, are characterized by
graphitic-like electronic states. Their electronic structure is
more complicated than SWCNT due to the presence of an
inter-shell morphology. Actually, while SWCNT can be
modeled as a rolled graphene sheet, MWCNT is considered
as n-layer rolled graphite [29]. Theoretical calculations on
MWCNT [30], often focussed on the simplest Double Wall
CNT [31,32] show that inter-wall interactions are related to
the charge redistribution in the MWCNT, with important
consequences in the transport properties. Unfortunately, only
a few theoretical studies are present in the literature.

In this work, we compare the combined PES and IPES
results of three different CNT samples: mixture of SWCNT,
aligned and unaligned MWCNT. The VB spectrum of
SWCNT, as expected, shows the vHs typical fingerprint.
Moreover, thanks to our IPES high experimental resolution,
the vHs in CB at an energy below the n* state are reported,
in agreement with XAS. For the MWCNT samples,
combined PES-IPES spectra confirm the main graphitic-like
features related to the occupied and empty orbitals.
Noteworthy, we found a fine structure of the m* empty
orbital and interlayer states, slightly different for the aligned
and unaligned MWCNT.

2. Experiment

2.1 Sample preparation

CNT bundles were synthesized in the INSPECT
laboratory of the IOM-CNR, where the catalyst depositions,
CVD processes and spectroscopic analysis are all performed
in an ultra-high vacuum experimental chambers (base
pressure <1x107'°mbar). The used substrates were alumina
(AL,O3) and titanium nitrate (TiN) films grown on silicon
wafer. In all the growth procedures Fe films (99.99% pure,
deposited in situ before CVD by electron beam evaporation,
thickness: 4nm) were used as catalysts, while acetylene as
the precursor gas. Following the procedures of Ref. 34, to
control the strong diffusion of the catalyst into the TiN
substrate, we obtained different CNTs yields by performing
or not an annealing pre-treatment of the TiN substrate at
600°C before Fe deposition. Fine details of the CVD
parameters and XPS characterization of the CNTs grown on
Al,Os and TiN films are reported in references 33 and 34, 35,
respectively. We named as ALC2 the SWCNT grown on
AlO3/Si [33], as a-TiN the aligned and TiN the unaligned
MWCNT [34,35]. The PES measurements were performed
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on CNT samples grown in situ. The X-ray Photoemission
(XPS) analysis of the samples is reported in the cited
references [33-35].

The IPES and XAS measurements were performed ex
situ. The samples after introduction in the ultra-high vacuum
(UHV) chamber, were heated for a few hours up to about 250
°C to get rid of the surface contaminants, providing PES
spectra in agreement with the in situ measurements. Further
annealing up to about the growth temperature (500°C see refs
32-34) revealed no changes.

2.2 Methods

Normal Incidence IPES spectra were acquired at the
CNR-IOM SIPE laboratory. The measurements were
performed using a home-made Erdman-Zipf electron gun
that provides a highly collimated electron beam. The electron
beam divergence was ~2°. Photons emitted by the sample
were collected by a home-made Geiger-Miiller type detector
with He and lodine gas mixture and a Strontium Fluoride
SrF» entrance window filtering photons of energy hv=9.5 eV.
The experimental resolution was below 0.30 eV, as measured
by the Fermi level (Er) onset of a clean Ta foil. The IPES
spectra were normalized at each point to the incident electron
beam current. IPES probing depth can be estimated from the
mean free path of the typical incident electron energy
(Kinetic Energy=4-30 eV) [36, 37] as smaller as 0.7 nm.
CNTs were introduced by a load lock. The base pressure was
3 107! mbar.

The samples were also characterized by Raman
Spectroscopy, Scanning FElectron Microscopy (SEM),
Ultraviolet Photoemission (PES), X-ray Photoemission
Spectroscopy (XPS) and C K-edge X-ray Spectroscopy
(XAS).

Ultraviolet VB PES spectra of in situ samples were
acquired in the UHV experimental apparatus (base pressure
~4x101° mbar) of the INSPECT laboratory, using a
conventional He discharge lamp (He II emission: hv = 40.8
eV), and a hemispherical electron energy analyzer (PSP),
obtaining an overall energy resolution of ~0.2 eV. All the
electron-energy distribution curves were measured at room
temperature and in normal emission geometry. The binding
energy (BE) of the VB spectra is referred to the Fermi energy
level.

Raman Spectroscopy was performed employing a
Renishaw Ramascope spectrometer equipped with an
Olympus microscope, and a cooled CCD camera as photo-
detector. The SEM images were acquired with a ZEISS
microscope mod. Supra 40, characterized by an electron
energy range of 0.1-30 KeV.

C K-edge Near Edge X-ray Absorption Spectroscopy
XAS spectra measurements were carried out at the CNR
beamline BACH at the Elettra synchrotron facility in a base
pressure < 10 mbar [38]. XAS spectra were measured in
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total electron yield (TEY) by collecting the drain current
from the sample with a photon energy resolution of ~80
meV. The signal was normalized to the current acquired from
a freshly evaporated gold grid placed just before the sample.

3. Results

Figure 1 shows the SEM images of the three samples.
The quality and type of CNT were investigated by Raman
spectroscopy with laser excitation energy of 514 nm (2.41
eV). The Raman spectra of the ALC2 show relevant
differences to TiN and a-TiN samples. In particular, for
ALC2 several peaks are revealed in the Radial Breathing
Mode (RBM) spectral region. The RBM peak distribution
and the low-intensity ratio between the D-Band and G-Band
(In/Ig) indicate the presence of a mixture of metallic and
semiconducting SWCNT with diameters (d), ranging
between 0.9 nm < d < 1.9 nm (Table 1). In the a-TiN and
TiN samples, no RBM features are detectable. The disorder-
induced D-band is strongly enhanced (Fig.SI la) and the
formation of CNTs with diameters distribution centered at
about 15 nm is estimated by SEM (SI_Fig. 2a-b).

The detailed Raman and SEM images analysis of the
three samples is discussed in the SI 1 and SI 2 sections
respectively.

Figure 1 SEM images a) SWCNT ALC2 sample (3 x 1.8 um?), b)
aligned MWCNT a-TiN (10.5 x 6.5 um?) and c) unaligned TiN
MWOCNT (12.5 x 7.5 pm?).

3.1 Combined PES-IPES of SWCNT

Figure 2 shows the combined PES-IPES results of the
SWCNT ALC2 sample. VB PES and CB IPES data present
clear structures due to the  and = * bands respectively (Fig.
2), showing also additional features at lower BE, labeled S1
and M at +0.45 and about £1.40 eV.

As discussed in the introduction, the structure and
electronic properties of individual SWCNTs can be
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determined from the chiral indexes. According to our Raman
analysis, the ALC2 sample shows the presence of several
RBM frequencies of SWCNT each of them associated with
different CNT diameter and chirality (Table 1).

ALC2 SWCNT

Intensity (arb. un.)

E-Ex(eV)

Figure 2 SWCNT ALC2 a) combined PES-IPES spectra and
theoretical vHs DOS (solid black line) estimated including all the
possible CNT species listed in Table 1. The possible S1 (d~ 1.3 nm)
and M (d ~ 09 nm) vHs features are labelled, see text for
discussion.

Semiconducting
RBM CNT
SWCNT S1
frequency Diameter
Chiral Index (eV)
(em™) (nm)
(n,m)
134 1.89 21,5 +0.28
153 1.64 13,11 +0.33
168 1.48 17,3 +0.37
174 1.43 11,10 +0.37
187.5 1.32 12,7 +0.40
205 1.2 12,5 +0.42
RBM CNT Metallic SWCNT M
frequency Diameter Chiral Index
(V)
(cm-1) (nm) (n,m)
223 1.1 8.8 +1.16
232 1.05 9,6 +1.20
247 0.99 10,4 +1.23
266.5 091 12,0 +1.25

Table 1 RBM frequencies, chiralities and related first vH
singularity associated with the CNT diameters of the SWCNT
ALC2 sample as obtained by Raman analysis (SI_1 section). top
semiconducting SWCNT, bottom metallic SWCNT. The vHs are
obtained by the DOS calculated from ref. 24.
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Depending on the growth conditions, a mixture of
SWCNT with different chirality, diameter and character
(metallic or semiconducting) can be formed, each
characterized by distinct vHs features. Several PES studies
detected vHs in SWCNT samples, see for examples
references [13] and [15]. In the case of chirality-pure
SWCNT samples VB revealed significant spectral
broadening of the VB vHs, not accountable to sample
chirality mixture or instrument resolution [24]. This
broadening is attributed to the SWCNT intrinsic photo-hole
life time, which results directly related to the chirality and
diameter of the tube. Moreover, in unpurified SWCNT
samples (mixed chiralities, diameters and CNT types)
measured by spectroscopies, a significant additional
broadening of the signal is revealed when compared to the
calculated DOS. Summarizing, mixed SWCNT samples have
different superimposed vHs DOS resulting in a diameter
dependence of the PES-IPES signal [24].

The calculated vHs DOS in Figure 2 was obtained
considering the contribution of each SWCNT listed in the
Table 1. The specific SWCNT vHs states are obtained by the
DOS calculated from ref. 24 for those tubes found in Raman.
As shown in Figure 2 the calculated vHs DOS (black solid
line) well correspond to the VB structures, though the
presence of further types of SWCNT can not be excluded.
Thus, the two peaks S1 and M are not assignable to a unique
SWCNT chirality respectively, but are more likely due to a
signal overlap of few different SWCNT types present in our
sample as discussed in a similar case in ref. 24. The S1 is
related mainly to semiconducting SWCNT and M to metallic
SWCNTs. The features lying at intermediate energies
between S1 and M could tentatively be assigned to S2 peaks
overlapping.

ALC2 SWCNT

XAS C K edge

LI B B U e A B D L L B B |

282 284 286
Photon Energy (eV)

Figure 3 C-K edge XAS taken in TEY mode compared with the
results of the fit (red line) and the analysis components (lines).
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To verify the n* unoccupied vHs, we measured the XAS
C-K edge of ALC2, as shown in Figure 3. The overall shape
of C-K edge XAS of SWCNTs, exhibits the well known 7*
resonance at 285.4 eV and the o* threshold at 291.7 eV
(reported in the SI 4 section). Additionally the ©* resonance
shows the characteristic fine structure attributed to
unoccupied vHs in the electronic density of empty states of
SWCNT. In the case of C K edge XAS of SWCNT, fine
structure of the m* resonance due to vHs empty states were
observed, [13, 27, 28]. Broadening and weak XAS fine
structures were observed in some cases [21, 22] depending
on the purity of the CNT bundles. The C-K edge XAS data
were fitted following the procedure of ref. 13 and 25.

The two additional features at energies below the
unoccupied 7+ band are detected. The components S1 and M
(thicker lines) in the XAS (Fig. 3) are compatible with our
IPES assignment [39], confirming the assignements of Figure
2.

3.2 Combined PES-IPES MWCNT

Figure 4 shows the combined PES-IPES measurements of
the two a-TiN and TiN MWCNT samples.

Intensity (arb. un.)

E-Ex(eV)

Figure4 Combined PES-IPES results of the aligned a-TiN and
no-aligned TiN MWCNT samples.

The mean diameter for both samples is about 15 nm (SI 2
section), but a-TiN results in aligned CNTs, while TiN shows
a bundle of CNTs, with no defined orientation. The spectral
features are similar in the two samples, though presenting
different details. The PES Hell VB spectra in figure 4
exhibits the two characteristic © and o bands reminiscent
states of the graphite band structure, related to the nanotube
p. and sp? orbitals, located respectively at about 3 eV and 8
eV [15, 40]. The occupied 7 features of TiN shows a higher
broadening and a lower intensity in comparison to a-TiN.
Moreover, in both filled and empty states, the © and ©* bands
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of a-TiN lie at slightly different BE. A similar behaviour was
detected by spectro-microscopy PES in ref. 15 and
interpreted asa change in band bending of the tube tips in the
case aligned CNTs samples.

Concerning the empty electronic states, the MWCNT
IPES spectra display two main features, a narrower peak at
about 2.5-3.2 eV and a broadband at about 12 eV in
substantial agreement with the literature [17-20,41,42]. In the
case of large diameter MWCNTSs, a reconstruction of their
IPES spectrum is modelled by averaging the IPES data of a
flat HOPG surface at different incidence angles [42]. Hence
the two features are assigned even in unfilled case to the
graphitic-like empty n* and o* bands. The comparison of
the MWCNT CB in Figure 4 shows that the m* band of a-
TiN is more defined than the n* band of TiN. A splitting of
the wn* orbitals has been detected in EELS spectra of
MWCNT [43] and XAS [44] and ascribed either to the
convolution of the vHs or to defects, respectively.

The o* band results slightly more defined in the case of
the unaligned MWCNT.

In the model of IPES spectra for MWCNT described in ref
42, the intensity of the first m* state has been related to an
electron focusing effect, which is dependent on the average
tube diameter and the impinging electron kinetic energy.
Highly collimated electrons approaching the CNT (as in the
case of IPES) induce an image charge potential on the tube.
This potential bends the trajectories of the electrons, focusing
them around the CNT and effectively increasing the cross-
sectional area of the tubes, making the spetra sensible mainly
to the outmost shells. This effect is dependent on the CNT
diameter and the electrons flux energy, resulting stronger for
low energy incident electrons (m* more affected rather than
G*).

On the other hand angular resolution can affect the spectra
response: in normal incident IPES spectra of the aligned a-
TiN sample, most of the incident electrons impinge at the
same incidence angle (within the beam angular resolution)
with respect to the tube axis increasing the angular
contribution in the specific normal direction, whereas the
random CNT orientation of TiN bundles leads the incident
electrons to couple to states in the whole Brillouin Zone
(different electron incidence angles). Either this
“geometrical” and the focusing effects could lead to more
defined features for aligned CNT.

In the o* spectral region the focusing effect can be in
principle neglected, due to the higher energy of the
impinging electron. The Ip/Ig ratio reveals an higher number
of defects and amorphous carbon for the a-TiN sample.
According to ref. 42, the o* band is sensible to the CNT
quality thus our IPES spectral difference can be accounted to
a higher graphitization level of the a-TiN sample in
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comparison with the TiN,
measurements (SI_1 section).

In our case in a-TiN, a clear feature is detectable at about
0.9 eV above the Fermi level (feature D* in Fig. 4). In the
following, we discuss possible assignments.

The MWCNT theoretical simulation of the electronic
structure has not yet been much explored. For the kinetic
energies used in IPES measurements, electrons have a short
penetration length in a solid, hence the spectra are sensitive
to the external out-most shells of the MWCNTs. This implies
that we are mainly probing just the few two external shells of
the MWCNTs by IPES [42]. A MWCNT consists of
graphitic rolled up sheets, each with different diameter,
chirality and related vHs. Shell-shell interaction broadens the
vHs, and the large number of shells implies that these
singularities are quite close to one another, thereby indicating
a large number of possibilities of vHs corresponding to
different shells. Theoretical and experimental results suggest
the presence of discrete states in MWCNT: vHs have been
used to illustrate optical properties of MWCNTs [45, 46] and
EELS results [43]. Even though vHs have been detected in
some cases, in the present samples, presenting a mean
outmost shell of about 15 nm, their detection result unlikely
(see Supporting Information section 5).

On the other hand, it is worth noting that in the calculated
DOS of one and two layers of graphene a shoulder below the
1 resonance is present [47]. In XAS measurements a similar
feature is detected for one and two-layer graphene samples,
whereas above two layers it is no more detectable, thus
attributed to a peculiar unoccupied state of single-layer
graphene [43]. We tentatively attribute the D* peak in our
IPES spectra to the same origin.

Further angular resolved IPES and PES measurements on
aligned nanotubes could enlighten the detected differences
between TiN and a-TiN samples more specifically.

In the energy region between the m* and o* bands at about
5-8 eV, a group of features is observed for both samples,
labeled C in Figure 4. In the case of HOPG and graphene
[48, 49] these features can be related to the peaks of XAS
lying in the intermediate energy region between the m* and
o* resonances. According to theory, these are states ascribed
to interlayer states of the graphite layers, leading to an
additional band of three-dimensional character with strong
dispersion in the conduction band along the perpendicular
direction [48, 49]. Experimentally their existence has been
established also in single and few layers of graphene by XAS
measurements [47]. In the case of a-TiN these structures are
more defined and intense in comparison with the unaligned
CNTs. The more defined and intense C structures for a-TiN
are assigned to the preferential direction of alignment of the
MWCNTs for this sample, whereas the random orientation in
TiN leads to a broader and less intense C feature.

as verified by Raman
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4. Conclusions

This work presents the combined PES-IPES results of three
different CNT samples providing the electronic structure of
these SWCNTs and MWCNTs case systems. The CNTs type
and morphology of the three samples were characterized by
SEM and Raman spectroscopy resulting in a mixture of
metallic and semiconducting SWCNTs for ALC2 and
aligned and unaligned MWCNTs for a-TiN and TiN samples.
In the case of the SWCNTSs, a fine structure is detected at
energy below amd above the Fermi level. These filled and
empty fine structures were assigned to S1 (semiconducting)
and M (metallic) vHs states DOS, as obtained by summing
up the different chiralities/diameter DOS present in the CNT
bundle.

The MWCNTs samples present spectral differences
ascribable to the CNTs different orientation (aligned or not).
PES data suggest a slight change of band bending due to
tubes alignment, while IPES 7+ band is more defined in the
case of the aligned CNTs. In the energy region between the
n* and o* bands a group of features have been related to
interlayer states that are more intense and better resolved in
the a.TiN sample.

Supplementary information associated with this article
includes Raman analysis, SEM images, Cls XPS results,
extended C K edge XAS and high-resolution Cls of the
ALC2 sample and vHs energy esteems of large tubes.
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