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Vertically aligned single-walled carbon nanotube �SWNT� forest was studied by using
angular-dependent C K-edge x-ray absorption near edge structure �XANES� with linearly polarized
x-ray beam. The XANES analysis found a crust of entangled nanotubes on top of the forest formed
at the first stage of the forest growth, which shapes the morphology of the entire forest and constricts
the nanotubes to grow to the same length. It indicates that this type of SWNT forest has a different
growth mechanism from the multiwalled carbon nanotube forest. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2709506�

Aligned carbon nanotubes have potential applications in
field emission as well as in high-strength materials. Probing
orientation of single-walled carbon nanotube �SWNT� sys-
tems is of paramount importance in these fields. By using
linearly polarized x-ray beam, angular-dependent x-ray ab-
sorption near edge structure �XANES� spectroscopy provides
such a capability to investigate the order of SWNTs.1 Since
XANES detects transitions in carbon from the highly isotro-
pic 1s core level, any polarization dependence will reflect the
anisotropy of the final states. The dipole transition matrix
elements thus have an angular dependence on the angle made
by, for instance, the �* orbital with respect to the electric
field vector of the incident polarized x rays. Thus, changes in
the intensity of the resonances upon rotating the sample in
the plane of incidence of the beam provide evidence for bond
orientation. Recently, the angle-resolved XANES gains in-
creasing attention in the carbon nanotube study.2,3 With this
technique Chiou et al. found enhanced �* and �* intensities
at the tips of multiwalled carbon nanotube �MWNT� arrays.4

In this work, we use angular-dependent carbon 1s XANES
measurements to study the anisotropy of vertically aligned
SWNT forest grown on the silicon wafer. Angle-resolved
XANES demonstrated very useful for the order measurement
and the aligned growth mechanism study of carbon
nanotubes.

The angle-resolved C K-edge XANES spectra were
taken in total electron yield �TEY� mode under UHV �low
10−10 torr� at beamline 9.3.2 of Advanced Light Source in
Lawrence Berkeley National Laboratory. The XANES data
were collected at various angles ranging from �=10°
�“glancing”� to �=80° �“normal”�, where � denotes the angle
between the sample normal and the direction of the electric
vector of the x-ray beam. In order to correct the transmission
function of the monochromator all measured spectra were
normalized to photon flux, obtained from the current yield of

a clean Au grid placed before samples. The monochromator
energy scale was calibrated using carbon K-edge �* transi-
tion of graphite, located at 285.35 eV. The vertically aligned
SWNTs were prepared on a p-type Si wafer by catalytic
chemical vapor deposition method, as described elsewhere.5

Using scanning electron microscope �SEM� and transmission
electron microscope, the well vertically aligned SWNTs were
observed to be about 37 �m long and approximately 2 nm in
diameter �Figs. 1�a� and 1�b��.

The TEY XANES spectra measured at different incident
angles were shown in Fig. 1�c�. The C K-edge XANES spec-
tra of the SWNT forest are quite similar to those of
graphite.6,7 The sharp excitons at 285.4 and 291.5 eV are
attributed to the dipolar transition of core level 1s electron
into the C–C �* and C–C �* states in the conduction band,
respectively. Two other �* transitions from 292 to 298 eV
and broad ��+�� transitions from 301 to 309 eV are also
observed. Two small peaks in 287–290 eV can be assigned
to the oxygenated surface functionalities, perhaps associated
with the defects of the nanotubes. According to Kuznetsova
et al. these peaks might correspond to �* CvO and �* C–O
�or �* C–H� resonances.8

The angular dependence of the �* and �* excitations can
be understood by studying the electronic structure. Simulta-
neous calculations of x-ray absorption spectra and the den-
sity of states �DOSs� were preformed with ab initio self-
consistent real space multiple-scattering code FEFF 8.4.9 The
FEFF simulation is compared with the spectrum collected at
“magic angle” of 54.7°, where �* and �* transitions are in-
dependent of the molecular orientation �Fig. 2�. The overall
features of the p-like DOS are reproduced, although the peak
position and the intensity are different. The energy differ-
ences are due to the difference in relaxation energy for the
various final states, which the one-electron DOS does not
take into account. It is difficult to reproduce the �* bond with
FEFF due to the muffin-tin scattering potential approxima-
tions. Nevertheless, the angular dependence of XANES for

a�Author to whom correspondence should be addressed; electronic mail:
lizhongrui@gmail.com

APPLIED PHYSICS LETTERS 90, 103115 �2007�

0003-6951/2007/90�10�/103115/3/$23.00 © 2007 American Institute of Physics90, 103115-1



vertically aligned SWNT forest predicted by FEFF does fol-
low the trend as observed in our case.

To quantitatively understand the above results, we pro-
ceed to evaluate the angular dependencies that would be ex-
pected for the three possible orientations of nanotubes �as in
Ref. 10�. According to Fermi’s golden rule, the transition
probability can be expressed as

I � ��f �E · r�i	�2 = �E · �f �r�i	�2 = A cos2 � ,

where f and i are the final and initial wave functions, respec-
tively. E is the electric field vector, r is the position vector,
and � is the angle between the E vector and position vector r.
With a simple calculation by accounting all contributions on
the entire tube circumference, we found that the �* and �*

intensities for the vertical SWNT forest show sine-squared
and cosine-squared dependences, respectively �tube axis in z
direction, Table I�. It is easy to understand, for instance, that
the �* resonance can be viewed as a combination of two
perpendicular components, one is parallel to tube axis direc-
tion ��


*� and another along circumferential direction ���
*

also perpendicular to the tube axis, see the inset of Fig. 1�c��.
The local contribution to the �* intensity is proportional to
the sum of the squared scalar products of the two compo-
nents and electric polarization vector. Electric vector has a
larger projection along the tube axis ��


*� at glancing inci-
dence, thus the �* resonance is at its maximum. At normal
incidence, electric vector is normal to �


*, only part of ��
*

orbitals contributes the intensity, so �* has the lowest inten-
sity. The �


* intensity is proportional to 2 cos2 � while the ��
*

has a sin2 � dependence. Therefore, in total the �* intensity
decreases when the x-ray incidence angle changes from graz-
ing to normal, i.e., cosine-squared dependence.

In order to quantitatively analyze the angular depen-
dences of these different contributions in the XANES spec-
tra, the TEY XANES spectra were fitted to a series of
pseudo-Voigt functions, an arctangent step corresponding to

FIG. 1. �Color online� �a� Side and �b� 60° top views of typical SWNT
forest produced on silicon wafer observed by SEM. �c� Angle-resolved TEY
XANES spectra of SWNT forest grown on silicon wafer. The inset shows
the incident geometry of �* vector orbitals and �* planes for a vertical
SWNT tube �axis along z� on Si wafer with respect to the incident beam and
the electric field vector E which remains perpendicular to the incident x-ray
beam.

FIG. 2. �Color online� Ab initio simulation of XANES of vertical SWNT
forest at magic angle �incidence angle 54.7°� with FEFF 8.4 code using the
same geometry as shown in the inset of Fig. 1�c�. The inset displays the
simulated angular-dependent XANES spectra of vertically aligned SWNT
forest.

TABLE I. The angular dependence of the �* and �* intensities of carbon
nanotube under the following geometries. The incident beam and its electric
vector are in the yz plane, c and � denote the tube axis and the angle
between the z axis and the electric vector of the x-ray beam �see the inset of
Fig. 1�c��, respectively ��*=�


*+��
* �.

Tube axis �* �* �

* ��

*

x �E�c� 1 1 0 1
y �E 
c� cos2 � 1+sin2 � 2 sin2 � cos2 �

z �v tube� sin2 � 1+cos2 � 2 cos2 � sin2 �
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the excitation edge of carbon and a background by following
the method proposed by Outka et al.11 For all spectra, a fit
was considered acceptable only if it can reproduce the data
and the second derivative of the data. As shown in Fig. 3, the
intensities of the �* and �* excitons generally show sine-
squared and cosine-squared dependences, respectively. How-
ever, deviations have been observed in both �* and �* inten-
sities at glancing angle. Concomitant with these deviations,
the orientation parameter �OP= �I�− I
� / �I�+ I
�� from the �*

intensities at normal and parallel incidences was calculated
to be 0.145, smaller than that seen in highly oriented pyro-
lytic graphite �0.902�.10 It is consistent with the presence of
some randomly distributed tubes which cover the top of the
SWNT forest �tube axis in xy plane� and add residual inten-
sity to the resonances most noticeable at grazing angles. In
fact, the only very top layer �crust� of the forest has the
nanotubes with parallel orientation �Fig. 1�b��. Immediately
below this crust, the orientation is preferentially vertical. The
presence of a disordered structure on the top of the forest
was also observed by others.12,13 It indicates that, at the be-
ginning of a SWNT forest growth, SWNTs grow at different
rates with random orientation over the surface and weave a
crust of entangled SWNTs, then a concerted growth of ver-
tically aligned SWNT is constrained by the uniform top
crust.

Additionally, the two oxygen-associated resonances be-
tween 287 and 290 eV increase with decreasing x-ray inci-
dence angle. The remarkable increase of the C–O feature at
small incidence angle can be also attributed to the increased
surface sensitivity of TEY XANES at a glancing angle. The
larger �* CvO and �* C–O resonances at glancing angle
indicate that the C–O and CvO bonds are likely polarized
perpendicular to the crust of the forest, which is also consis-
tent with the crust structure oriented parallel to the surface.

Obviously, our observation for the vertically aligned
SWNT forest is different from that of MWNT forest.4 For the
case of the MWNT array, an increase of the x-ray absorption
intensity with the increase of incidence angle was observed
not only for the unoccupied �* states but also for the �* state
because of the enhanced DOSs of both unoccupied �* and �*

bands at the tip. However, our vertically aligned SWNT for-
est does not show enhanced density of states at tips by reason
of the crust on the top of the SWNT forest. It also suggests
that this type of SWNT structure has a different growth
mechanism as compared with the MWNT array, which has
no crust structure in its growth.

In summary, the angle-resolved XANES of a SWNT for-
est in TEY shows that the C–C �* resonance intensity de-
creases from normal to glancing incidence, while the C–C �*

exhibits an opposite trend, which can be used to evaluate the
order of SWNTs. A crust of entangled SWNT on top of the
forest was found parallel to the surface as a result of different
growth rates of individual tubes in the first step of the forest
growth, which is responsible for the unique forestlike mor-
phology exhibited by this type of SWNT structures. It is
different from the growth of MWNT forest.
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FIG. 3. Integrated intensities of the �* and �* resonances vs sine-squared
and cosine-squared functions. Errors in the integrated areas are about ±5%.
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