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We have studied the orientational order in films of vertically
aligned single walled carbon nanotubes, by means of reso-
nant Raman spectroscopy, resonant X-ray absorption, and direct
imaging. These methods investigate the hierarchical morphol-
ogy at different length scales. Here, we discuss the systematic

comparison of orientational order as function of wavelength in
films with different inherent morphologies and provide thus
a basis to quantitatively evaluate and compare the different
experimental approaches.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Single walled carbon nanotubes
(SWCNTs) are an exciting material. They offer a way to
explore the beauty of one-dimensional physics empirically
[1, 2]. Due to its principal versatility and scalability, the
growth of SWCNTs by means of chemical vapor deposition
(CVD) is an ever growing research area. The bulk properties
and in particular the macroscopic anisotropy of SWNT
specimen are defined by their internal morphology. The
direct synthesis of vertically aligned single walled carbon
nanotubes (VA-SWCNTs) provides bulk quantities of pure
SWCNT. Different methods are available to quantify the
orientational order in such samples. Optical absorption
spectroscopy, Raman spectroscopy, and X-ray absorption
have been utilized to derive actually very different results
for VA-SWCNT [3–5]. The averaging over the probed
volume as well as the employed wavelength are two crucial
parameters that affect the apparent alignment, and have not
been addressed specifically in the individual earlier reports.
These factors may lead to utterly different findings when
applying the textbook definition of orientational order to the
different methods. Direct imaging as for instance in scanning
electron microscopy has the added advantage, that there is
also visual confirmation of an apparent orientational order,
but the order parameter is not invariant under 2D projection.

Here, we revisit earlier specialized studies of the ori-
entational order in differently vertically aligned single wall
carbon nanotubes [6]. The alignment in such samples was
studied either by second order Raman scattering or resonant
X-ray scattering [5, 7, 8]. We apply an maximum amplitude
wavelet image filter to extract and compare the orientational
order directly from scanning electron micrographs. The key
difference to earlier applied global Fourier analysis is the
retained spatial resolution [9].

2 Experimental The synthesis of the different batches
of vertically aligned SWCNTs is described elsewhere [6].
Very briefly, plain quartz substrates were dip-coated in Mo-
acetylacetonate and Co-acetylacetonate solutions and backed
in air at 400 ◦C. The catalyst particles were reduced under
streaming Ar/3% H2 until the furnace has reached 800 ◦C.
After evacuation the substrate is exposed to static mixed
vapor of ethanol and acetonitrile [10]. Zero and five per-
centage VA-SWCNT refer to the vol.% of acetonitrile in the
liquid feedstock that was used for the synthesis of the two
batches. The only further difference between the 0% and 5%
batches are in the growth durations that were needed to yield
comparable film thicknesses. While the growth of the 5% VA-
SWCNT is saturated, the growth of 0% VA-SWCNT was
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Figure 1 Side view SEM micrograph of VA-SWNT synthesized from pure ethanol feedstock (a) and 5% acetonitrile mixed feedstock (b).

stopped after 2 min. Scanning electron microscopy (SEM)
was performed at 1 kV acceleration voltage on a S-4800
microscope from Hitachi. X-ray absorption was measured at
beamline BL27SU at the SPring-8 synchrotron facility. The
vertical alignment of the encapsulated N2 was investigated
by varying the angle of incidence for p-polarized X-rays
[5]. Polarization-dependent Raman spectra were obtained for
488 nm laser excitation and a 500 mm (Chromex 501is) spec-
trometer [8]. SEM images were processed by scanning for
the highest amplitude of a finely tuned (1◦) azimuth angle
Θ [11]. The sampling range, corresponding to the probing
wavelengths, was set to be 100 nm. The lateral wavelet exten-
sion was kept at the resolution limit of 30 nm. For false color
representation we used cos2(Θ).

3 Discussion The SEM micrographs in Fig. 1a and b
are archetypical for the changes in mesoscopic morphology
if ethanol feedstock and mixed feedstocks with acetonitrile
are used. As viewed at a glance from the large distance there
seems to be a better vertical alignment in Fig. 1b. However
a closer inspection reveals that the individual constituents
of the vertical columns are made up of more curls and
kinks. In Fig. 1a, the overall morphology is not as straightly
vertically aligned, but there seems to be much better align-
ment on a local scale. The visual inspection is by no means
quantitative and will be corroborated by quantitative image
processing to determine the order parameter ξ. In an uniaxial
system, it is the coefficient of the first spherical harmonic
in orientation distribution function and can be computed as
ξ = 〈

3 cos(Θ)2 − 1
〉
/2.

A side effect of the use of acetonitrile during synthesis
is the encapsulation of N2 molecules in the interior of VA-
SWCNT. X-rays also allow to access the orientational order
in the vertically aligned SWCNT [5]. The measure of order by
comparison of theπ andσ carbon orbitals is an atomistic local
probe. The reported values ξ = 0.35 for 0% VA-SWCNT and

ξ = 0.25 for 5% VA-SWCNT confirm that the local order is
on the atomic scale better in 0% VA-SWCNT.

While the evaluation of the orientational order parameter
is straight forward for the intense C 1s absorption edge, the
challengingly weak signal of the N 1s in (5%) VA-SWCNT
can not be used directly to evaluate the intensities as a func-
tion of polarization [5]. The spectra in the right panel of Fig. 2
are as measured but offset by constant values to be plotted
in the same range. As measured means that the drain cur-
rent of the sample was divided by the drain current at the
last focusing mirror. The actual values obtained by that com-
mon practice are as different as 0.09 and 0.35 for normal
incidence and gracing angle incidence with 75◦. The crucial
notion here is that the slope of the background should not
show any polarization dependence. The left panel of Fig. 2

Figure 2 Nitrogen NEXAFS spectra for different angles of inci-
dence with p-polarized X-rays. The right panel shows offset as
measured intensities. The left panel compares the N 1s after cor-
recting by slope of background.
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Figure 3 False color representation ([0, 1] ≡ ) of the local orientation cos(φ)2 in the SEM micrograph in Fig. 1 at a
sampling range of λ = 100 nm for 0% VA-SWCNT (a) and 5% VA-SWCNT (b). The highlighted areas were used to calculate the order
parameter ξ.

shows the same spectra after they have been rescaled to the
same slope before the slope was subtracted. In total, this treat-
ment corresponds to a linear scaling, but it will not affect
the depolarization ratio. By fitting an I(Θ)A + B cos2(Θ)
dependence [12] to the data points the atomic orientational
order ξ = (I(π/2) − I(0)) / (I(π/2) + 2I(0)) is found to be
0.22, which follows closely the atomic alignment in the host-
ing (5%) VA-SWCNT.

The polarization dependence in side view Raman spec-
troscopy on 0% VA-SWCNT has been investigated recently
[8]. The probed length scale is however in the range between 1
and 2 µm. The evaluation of orientational order from Raman
spectra is more elaborate. The incoming and outgoing dipole
transitions combine to a cos4 behavior, where depolariza-
tion ratio may not be used directly to access ξ. By modeling
the entire orientation distribution function the optical order
parameter ξ of the 0% VA-SWCNT is estimated to be better
than 0.9. Since the spot size of probing laser is between 1
and 2 µm, there may be no noticeable difference expected
between 0% and 5% VA-SWCNT.

It is easy to see in the SEM micrographs why in the
atomic range the order parameter as seen by X-rays, can be
expected to be considerably lower than in the micrometer
range as probed in microscopic Raman studies.

Conceptually, the SEM micrographs should contain the
information about the orientational order as probed by dif-
ferent wavelengths. We show in Fig. 3a, a false color
representation of the local wave vector direction. This is
defined by the polar angle φ of the most prominent ampli-
tude within the sampling cut off of 2π/λ The colors are
then mapped according to cos(Θ)2. Red represents horizontal
wave vectors and local vertical orientation, respectively. The
VA-SWCNT films and their flat lying surface layer are easily
recognizable in the filtered images. The contrast between the
VA-SWCNT and the substrate cause a horizontal blue line

at the bottom. The overall red-tone of the SWCNT is visi-
bly more intense in Fig. 3a, which suggest an indeed higher
degree of alignment in 0% VA-SWCNT.

The projection into a SEM image causes an apparent ξ2D

as compared to the original ξ3D. We evaluated ξ3D and ξ2D for
a series of Maier–Saupe distribution functions [12]. The plot
in Fig. 4 shows that ξ2D > ξ3D. The maximum overestimate
found is ∼0.15.

The local cos(Θ)2 is integrated for a selecting area of
interest (dashed frames in Figs. 3a and b). At λ=100 nm
the order parameter ξ2D = 〈

3 cos(Θ)2 − 1
〉
/2 of the 0%

VA-SWCNT is 0.59 and of the 5% VA-SWCNT is 0.48.
The wavelength λ represents the length scale over that the
SWCNT in the images may be locally linearized. We tested

Figure 4 Correlation between ξ3D and ξ2D if the long axis lies in
the image. The dots are datapoints for Maier–Saupe [12] orientation
distributions with 0 ≤ α ≤ 20.
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the length scale dependence by increasing the λ to 300 nm.
In this case ξ2D increases to 0.74 and 0.64 for 0% and 5%
VA-SWCNT, respectively.

The obtained order parameters ξ in two and three dimen-
sions for the two different batches of vertically aligned
SWCNT show at the investigated short and long wavelengths
consistently the same trend. The differences can, in agree-
ment to direct imaging, be ascribed to a more curled and
kinked local morphology in the 5% VA-SWCNT The mech-
anism responsible for vertical alignment is over-crowding.
Indeed, different growth rates have been observed in multi-
layered growth of 0% and 5% VA-SWCNT [13]. Different
growth rates, as measured by optical density are related to
different area densities of simultaneously growing SWCNT.
Different area densities in turn are in agreement with more
available space per nanotube and less strict alignment by less
dense crowding [9].

The correlation between growth rate and orientational
order is directly visible in Fig. 3b. There is an apparent ver-
tical color gradient, which indicates better alignment in the
top layer and lower alignment closer to the base of the film.
Since the films grow from catalyst particles that reside at
the root, the top part grew at an earlier time and faster rate
than the bottom part [14]. The growth rate is decaying expo-
nentially over time by statistical catalyst poisoning [15]. The
lower initial growth rate, requires a saturated synthesis time
for this thick 5% VA-SWCNT.

In direct comparison, the alignment visible as red tone
in Fig. 3a does not show any noticeable gradient across
the side wall. Indeed the 0% VA-SWCNT from Fig. 1a
did grow much faster within 2 min before the growth was
terminated early to match the thickness of the current
5% VA-SWCNT.

4 Summary We have employed a local wave vector
image filter, to visualize the regional orientational order in
VA-SWCNT. The orientational order parameters as probed
by X-rays, direct imaging in SEM and Raman spectroscopy
show always the same relative trend for differently dense VA-
SWCNT. Additionally, a clear trend from low orientational
order at the atomic scale, to intermediate alignment on the
mesoscopic 100 nm length scale, to very high alignment on
the micrometer scale reveals the hierarchical morphology of
VA-SWCNT films.
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