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Probing surface order as well as the degree of structural modification in carbon nanotube systems
is of fundamental importance for incorporation of these materials into practical functional
devices. The current study pertains to the analysis of the surface order of vertically-aligned single-
walled and multi-walled carbon nanotube arrays of varying length and composition by means of
near-edge X-ray fine structure spectroscopy (NEXAFS). Both NEXAFS and scanning electron
microscopy (SEM) studies concluded that the nanotubes in these samples were oriented vertically

to the plane of the surface. However, NEXAFS polarization analysis provided a more
quantitative and nuanced description of the surface structure, indicative of far less localized
surface order, an observation partially attributed to misalignment and bending of the tubes.
Moreover, it was demonstrated by NEXAFS that the surface order of the arrays was imperfect
and relatively independent of the height of the nanotube arrays. In addition, we have shown that
NEXAFS can be used to correlate the extent of chemical functionalization and oxygenation with
disruption of the electronic and physical structure of nanotubes embedded in array motifs.

1. Introduction

One main advantage of using carbon nanotubes with their
promising size-dependent electronic properties is that as spa-
tially constrained one-dimensional structures, they are the
smallest dimensional systems that can be used for the efficient
transport of electrons and hence are expected to be particu-
larly important in the construction and integration of nanos-
cale devices. For instance, attempts have been made to
organize nanotubes into highly ordered arrays for electronic
and photonic applications such as data storage devices and
logic transistors.'> Due to their excellent field emission prop-
erties, nanotubes, vertically aligned into arrays, can conceiva-
bly be incorporated into flat panel displays. Moreover, the
exceptional mechanical properties* of these arrays should also
find usage in composite materials. The point is that in order to
take advantage of this diverse range of potential applications,
it is extremely important to understand the chemistry, surface
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order, and structural integrity of arrays of nanotubes so as to
make them more amenable to rational and predictable manip-
ulation.’ In particular, for applications, such as field emission
devices, the structure and alignment of exposed tips of arrays
of the constituent nanotubes are critically important.

However, it is generally difficult to determine the order and
alignment of carbon nanotubes, especially at the surfaces or
ends of these structures. In addition, it is even more proble-
matic to simultaneously monitor the electronic structure and
structural modification of the nanotubes at a molecular level.
Although techniques such as polarized absorption spectro-
scopy, polarized microscopy, and X-ray scattering have been
utilized in determining the degree of order and alignment in
nanotube arrays,f”8 these methods have shown limitations.
For instance, in polarization Raman spectroscopy, the pre-
sence of charge transfer as well as the degree of aggregation in
bundles and strain can greatly affect the Raman intensities of a
carbon nanotube sample.9’10 Moreover, visualization techni-
ques, such as scanning electron microscopy (SEM), which
generate mainly qualitative information about the bulk orien-
tation and alignment of the entire array of the nanotubes, are
limited in discerning precise surface orientation within the
outermost ~ 5 nm layer. That is, where NEXAFS can provide
a better representation of the structure of the outermost, top
surface of carbon nanotube arrays, SEM images of carbon
nanotube arrays are usually limited to analysis of the outer-
most edges and sidewalls of arrays, and yield only qualitative
data on the presence of disordered, tilted, or otherwise defec-
tive regions of nanotube arrays.
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In this work, we present near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy as a complementary tech-
nique for quantitatively investigating surface order and align-
ment in well-defined single-walled carbon nanotube (SWNT)/
multi-walled carbon nanotube (MWNT) arrays.!!' In addition,
surface functionalization and integrity, associated with the
extent of disruption of the intrinsic nanotube electronic struc-
ture, were simultaneously and comparatively analyzed across
different sample arrays of carbon nanotubes.

NEXAFS spectroscopy'” involves the excitation of elec-
trons from a core level to partially filled and empty states.
Changes in the intensity of the NEXAFS resonance absorp-
tion upon rotation of the sample in the xy plane of incidence of
the polarized incident beam (Fig. 1) provide evidence for local
bond orientation. In other words, 6 can be defined as the angle
between the direction of propagation of incident X-rays and
the sample surface, as seen in the left inset of Fig. 1. We have
recently demonstrated the application of NEXAFS spectro-
scopy as a structural probe in determining the degree of
covalent sidewall functionalization in ozonized SWNTs and
in oxidized multi-walled carbon nanotubes.!*'* In addition,
we have previously shown that NEXAFS spectroscopy could
be used to deduce the nature of order in a wide range of
carbon-based systems, including SWNT powder and SWNT
films.!! Furthermore, we have recently deduced valuable

structural information about BN nanotubes using this techni-
que."® Others have also characterized the electronic properties
of horizontally aligned carbon nanotube films on a Si (100)
substrate by means of NEXAFS with the results showing a
strong dependence of the intensity of the m* core exciton at

284.4 eV on nanotube alignment with respect to the polariza-
16

tion of the incident radiation.

One can non-destructively identify whether a carbon nano-
tube sample is vertically or horizontally aligned by NEXAFS
as well as the nature of that alignment. For instance, in
previous work, we have observed that SWNT buckypaper
behaves in a manner analogous to highly ordered pyrolytic
graphite (HOPG). The angle of incidence can also be defined
as the angle made between the electric field vector (which is
oriented perpendicularly to the direction of propagation) and
the sample normal (Fig. 1). The projection of the electric field
vector onto the m* orbitals determines the intensity of the
NEXAFS n* resonance. Hence, for SWNT buckypaper-like
HOPG, the n* resonance intensity decreases as the incidence
angle increases from 20 to 90°. Moreover, as previously
predicted,!! vertically aligned arrays are now shown to evince
the opposite trend, wherein the m* intensity increases with
increasing incidence angle from 20 to 90°, thereby corroborat-
ing the angular dependence of our sample data, which are
related to sample orientation.

In this article, we demonstrate the following.

I. We can obtain quantitative information about order
to an overall surface depth of ~5 nm of various vertically
aligned SWNT and MWNT array systems using NEXAFS
spectroscopy. In other words, we have used NEXAFS as a
localized probe to generate numerical indicators about the
orientation of nanotube sidewalls and ends, data which could
not otherwise be obtained using a microscopy technique such
as SEM.

II. In addition, we have been able to simultaneously access
the comparative extent of surface functionalization and struc-
tural integrity across different array samples by monitoring the
n* transitions, measured at the magic angle of 55°. The magic
angle is unique in that there is a lack of polarization

20° <0 <90°
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Fig. 1 Representation of ©* orbitals with respect to the electric field vector, E, and the normal of the surface, n. The angle of incidence changes
from glancing (20°) to normal (90°) with the electric field vector oriented perpendicular to the direction of propagation in the xz plane. Orbitals 1
through 3 represent n* orbitals along the z, x, y axes, respectively. Please see the text for further details. A typical nanotube, probed in this
experimental configuration, is represented as the cylinder in the upper righthand corner of the image. For the convenience of the reader, the inset
on the left denotes an alternative diagrammatic representation in two dimensions of the sample geometry with respect to the plane of incidence.
The inset on the right illustrates out-of-the-plane tilts of the m system at the surface, indicated by the y parameter, discussed more thoroughly in

section 3.2.
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dependence, and hence, the overall extent of surface functio-
nalization is independent of any angular trend.

2. Experimental

The vertically aligned nanotube arrays studied were prepared
using chemical vapor deposition (CVD), which was utilized to
grow SWNTs and MWNTs onto evaporated metal multilayer
films.!”!® These arrays consisted of mixtures of MWNTSs and
SWNTs. Growth conditions were varied to generate arrays
with predominantly SWNTs.!”!® Polarized micro Raman
spectroscopy on cleaved samples confirmed that the SWNTSs
were present throughout the length of the arrays. SEM images
of a predominantly SWNT array (Fig. 2a) and of two separate
mixed MWNT/SWNT arrays (Fig. 2b and c), with heights of
approximately 130 microns, 1.5 mm, and 50 microns, respec-
tively, are shown.!”"'® SEM images presented were of uncoated
samples, obtained at an angle of 75°.

C K-edge partial electron yield NEXAFS spectra were taken
using the U7A NIST/DOW end station at the National
Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory. Experimental details are essentially identical to
previously reported protocols.!' The partial electron yield
(PEY) signal was collected using a channeltron electron multi-
plier with an adjustable entrance grid bias (EGB). To eliminate
the effect of incident beam intensity fluctuations and mono-
chromator absorption features, the PEY signals were normal-
ized using the incident beam intensity obtained from the
photoemission yield of a clean Au grid with 90% transmit-
tance. The electron yield from the top ~ 5 nm of the arrays, i.e.
surface as opposed to bulk sensitivity, was made possible by
applying a negative bias of 50 V, wherein only Auger electrons
that had suffered negligible energy loss within the sample were
selected.'® It should be noted that this signal decreases ex-
ponentially with respect to depth as described in the universal
curve for the mean free path of electrons in a solid.'?

A monochromator with a 600 line mm ™' grating, providing
for ~0.15 eV resolution, was used for all of the NEXAFS
spectra collected. In addition, spectra were collected at differ-
ent polarization angles by rotating the sample holder with
respect to the incident beam in the plane of incidence. For the
actual data collection, samples were mounted onto a stainless
steel sample bar inside a UHV chamber. Samples were charge
neutralized using a low energy electron flood gun, which added
no noticeable background to the NEXAFS spectrum. That is,
the entire sample was flooded with low energy electrons such
that NEXAFS did not preferentially sample more conductive
regions of the sample.

Observed changes in spectral intensity arise from anisotropy
in the system and are independent of total carbon content. In
general, anisotropy refers to the tendency of a material to react
differently to outside fields depending on the direction the field
is applied. In this particular experiment, anisotropy refers to a
polarization trend observed for samples, specifically ordered
carbon nanotube array samples, whereupon different intensi-
ties of partial electron yields have been noted upon irradiation
at different incidence angles; these results imply that the data
are correlated with geometric orientations of tubes within the

Fig. 2 SEM images of (a) 130 pm predominantly SWNT, (b) 1.5 mm
SWNT/MWNT (inset showing array surface), and (c) 50 pm SWNT/
MWNT arrays, respectively.

samples. A comparison of intensities at different polarization
angles has been made by subtracting an arctangent function to
account for the C—K edge-jump and thereafter by fitting the ©*
resonances to a Gaussian.'"'* Analysis of randomly oriented
HiPco SWNT powder (Carbon Nanotechnologies Inc.) grown
by the high-pressure CO decomposition process?® was used to
compare relative anisotropy across the various samples tested.
In addition, intensities at the unique magic angle of 55° were
plotted for each distinctively-treated sample in order to in-
vestigate the comparative extent of surface chemical functio-
nalization and disruption of the nanotube’s intrinsic electronic
structure.
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3. Results and discussion
3.1. NEXAFS data

Fig. 3 shows the variation in intensity with incidence angle for
the n* and o* resonances at the top ~5 nm surfaces of
nanotube ends and tips comprising the 1.5 mm long mixed
MWNT/SWNT array. Similar trends were also observed with
the other two arrays but with overall varying intensities.

The spectra are characterized by a sharp C—C r* transition
near 285.6 eV, a sharp o* bound exciton near 292 eV, two
other o* transitions from 292-298 eV, and broad (¢ + )
transitions from 301-309 eV.'* In addition, features occurring
in the 287-290 eV region (Fig. 3) can be assigned to oxyge-
nated surface functionalities,'*'* specifically corresponding to
n* C=0 and o* C-O resonances.'?

In Fig. 4, we study the diminution of the C—C n* transition
near 285.6 eV and the concomitant increase in the intensity of
the C-O peaks, representing the presence of oxygenated
functionalities at the polarization-independent magic angle
of incidence of 55°. We can deduce the structural and chemical
nature of a nanotube sample (i.e. the more substantial the C-O
resonances and the weaker the C—C n* transition, the greater
the degree of surface functionalization and the lower the
structural integrity of the nanotubes). From our data, one
can conclude that the 130 pum predominantly SWNT array
(trace a) likely consisted of the lowest quantity of surface
functionalities at the ends or tips of the nanotube arrays.
Hence, because it was the least functionalized, it was likely the
most structurally intact sample of the three arrays studied. By
contrast, the 50 um SWNT/MWNT array sample (trace c)
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Fig. 3 Partial electron yield C K-edge NEXAFS spectra of a 1.5 mm
SWNT/MWNT array taken at a retarding potential of —50 V after
rotating the sample in the plane of incidence (intervals from 20 to 90°)
to the incident beam. All the spectra have been pre- and post-edge
normalized. Inset shows an expanded m* region. Inset: from top to
bottom: data at 90, 80, 70, 60, 50, 55, 40, 30, and 20°, respectively, are
shown.
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Fig. 4 Partial electron yield C K-edge spectra of (a) 130 um pre-
dominantly SWNT (blue), (b) 1.5 mm SWNT/MWNT (red) and (c)
50 um SWNT/MWNT arrays (green), respectively. All of the spectra
have been pre- and post-edge normalized and were taken at a retarding
potential of —50 V at an incidence angle of 55°.

demonstrated the greatest disruption of the m-network due to
the presence of the highest degree of surface oxidation.'* These
results are important towards gaining a fundamental under-
standing of the nature of surface chemical composition and
electronic structure of these arrays, critical for future manip-
ulation of these samples.

In order to further confirm the nature of the alignment and
to determine the degree of surface order within the uppermost
5 nm layers of the nanotubes, the intensities of integrated m*
resonance peaks were analyzed in detail. Fig. 5 shows the
variation in the integrated intensity of the n* resonance with
angle of incidence in the three vertically aligned samples. Data
for the carbon nanotube powder are shown as a comparison
(black squares). The size of the error bars is based on an
estimate of the typical error associated with the observed
intensity of these samples. All three of the array samples were
synthesized by a similar method and show comparable beha-
vior, as was previously predicted for vertically aligned arrays
of carbon nanotubes.'"

As mentioned, if we define the incidence angle as the angle
made between the incidence beam and the plane of incidence
(i.e. xy plane), the electric field vector, E, will be oriented
perpendicularly to the direction of propagation (Fig. 1, left
inset). The maximum NEXAFS peak intensity is observed
corresponding to the maximum projection of E onto the
individual orbitals. We noted that vertically oriented carbon
nanotubes evinced a trend of increasing integrated ©* intensity
with increasing incidence angle from 20 to 90°. In addition, it
was observed that the 1.5 mm SWNT/MWNT array showed
the highest degree of surface anisotropy.

3.2. Defining and quantifying nanotube order using various
fitting parameters

In order to quantify the extent of surface alignment in the
vertically oriented arrays studied here, two different ap-
proaches for evaluating order were used, providing similar
results. First, as shown in Fig. 5, a fit to a cosine function (eqn
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Fig. S Integrated intensities of n* resonances at different angles of
incidence. (a) Triangles (blue) correspond to the 130 pm predomi-
nantly SWNT array, while squares (black) correspond to the SWNT
powder. (b) Circles (red) correspond to the 1.5 mm SWNT/MWNT
array; squares (black) correspond to the SWNT powder data. (c)
Diamonds (green) correspond to data associated with the 50 pm
SWNT/MWNT array; squares (black) correspond to the SWNT
powder. The solid line in all cases represents a fit to the cosine function
used to determine (b/a) values of normalized amplitude. All data are
within £ a 2.8% error. The error bars represent goodness-of-fit
parameters for the peak fitting. Further details are described in the
text.

(1)) to the plot of the NEXAFS n* intensity with respect to
incidence angle was performed, which gave a normalized
amplitude defined as the unitless order parameter, (b/a). In
theory,21 for a three-dimensional, randomly oriented sample,
where the ©* orbitals can be found oriented in all planes, this
value of the normalized amplitude should be close to 0.
Conversely, for a highly ordered sample, where the ©* orbitals
tend to be oriented in one particular plane, e.g. the xz plane,
the order parameter should be 1.

1(0) = a+ bcos(2(0 — 7)) (1)

The absolute calculated b/a values for the 130 um predomi-
nantly SWNT array as well as the 50 ym and the 1.5 mm
mixed SWNT/MWNT arrays were 0.07, 0.10, and 0.13, re-
spectively, within a <2.8% error. The nonzero nature of these
values indicates a finite degree of alignment in these samples.
No meaningful fit could be obtained for the n* data of the
powder sample (black squares in Fig. 5) due to the random
orientation of the tubes.

The term, y, in eqn (1) and the right inset of Fig. 1 is known
as the surface tilt angle or tube axis parameter, and represents
the actual angle between the xy plane and the nanotube tips at
the surfaces of the arrays. Hence, the magnitude of these
values is suggestive of the degree of nanotube alignment above
the substrate surface. In our case, the nanotube powder sample
yielded y ~ 0°, suggestive of complete surface disorder. The
1.5 mm SWNT/MWNT array sample gave a value of y = 34 £
6°, indicative of a degree of non-orthogonal vertical surface
alignment above the substrate and overall, of some level of
misalignment. For the 50 micron MWNT/SWNT sample, we
compute the value of y to be 22 £ 13°. Finally, for the 130 pm
predominantly SWNT sample, the corresponding y parameter
is 152 + 5°. Based on the magnitude of these values and
associated error bars involved, we can predict that the 1.5 mm,
50 micron, and 130 micron samples were not particularly well
ordered, in agreement with the as-computed (b/a) values. It
should be emphasized though that this angular term is largely
insensitive to the overall degree of surface defects and func-
tionalities, assuming that these are spatially randomized.

To further validate the above results, a second method,
involving a sin®0 fit to the data, was performed, as shown in
Fig. 6. Values for the dichroic ratio, (Zperpendicular—Iparaiiel)/
(Iparallel + Iperpendicular) with Iperpendicular as the m* inteHSity
for a 0 value of 0° and with /a1 as the ©* intensity for a 0
value of 90°, were obtained from an analysis similar to one
previously reported.II That is, the value of Ierpendicutar at 0°
was obtained from a linear extrapolation of the sine squared fit
line for each of the samples to zero in Fig. 6. It was observed
that the trend in these numbers do in fact mirror the behavior
observed with the (b/a) values. In effect, the dichroic ratio
values for the 130 pum SWNT array, the 50 um SWNT/MWNT
array, the 1.5 mm SWNT/MWNT array, and SWNT powder
were found to be 0.08, 0.11, 0.14, and 0.03, respectively, with a
<2.8% error. Thus, we can conclude the following based on
values of dichroic and (b/a) ratios.

(1) Based on the relatively low values of the dichroic ratio in
agreement with the (b/a) values obtained above, one can
conclude from the cumulative data that the surfaces (top
~5 nm) of the three sample arrays are not very well-ordered
relative to the entire arrangement of tubes within each array,
as depicted by SEM images.

(ii) Both order parameters suggest that the 1.5 mm SWNT/
MWNT arrays showed the greatest degree of surface order
amongst all of the arrays.

(iii) All three vertically aligned nanotube array samples
show a higher degree of surface order in comparison with
the powder samples. Moreover, these data showed that the
random orientation (azimuthal disorder) of the tubes within
the powder accounted for the lack of any angular dependence
trend observed with the ©* intensity values (Fig. 5 and 6).
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Fig. 6 Integrated intensities of m* resonances fitted to sin’0. (a)
Triangles (blue) correspond to the 130 um predominantly SWNT
array; squares (black) designate the SWNT powder. (b) Circles (red)
correspond to the 1.5 mm SWNT/MWNT array, whereas squares
(black) are associated with the SWNT powder. (c) Diamonds (green)
correspond to data associated with the 50 pm SWNT/MWNT array,
whereas squares (black) are associated with the SWNT powder. The
solid line in all cases represents a fit to sine squared theta used to
determine the dichroic ratio values. All data are within a +2.8% error.
Further details are described in the text.

It can thus be concluded as a demonstration of principle
that one can readily differentiate between an ordered sample
and a disordered sample (in the top ~5 nm), i.e., between an
array of carbon nanotubes and a powder sample of carbon
nanotubes, as well as between ostensibly similar vertically
aligned array samples using NEXAFS. The extent of disorder
will likely depend upon curvature effects, tube bending, and
misalignment issues.

4. Conclusions

We have shown that NEXAFS spectroscopy can be used to
determine the surface orientation and the extent of order in

SWNT and MWNT vertically aligned carbon nanotube arrays
grown on a substrate. This analysis provided for a comple-
mentary, more nuanced, and therefore more useful determina-
tion of local surface order as compared with SEM analyses of
the same samples. That is, what may appear as a perfect
surface order in microscopy is actually revealed to be imper-
fect using a more quantitative NEXAFS tool. These results
are in agreement with prior predictions,'" deduced from
NEXAFS, regarding order and alignment in carbon nanotube
buckypaper samples.

In addition, we can simultaneously determine the compara-
tive extent of surface functionalization and structural integrity
across different array samples by means of NEXAFS. From
this study, it was shown that surface disorder does not
necessarily correlate with the extent of chemical functionaliza-
tion. For instance, the predominantly SWNT array sample
showed the lowest degree of surface order, but was the least
surface functionalized or oxidized. From the data, it may be
implied that the presence of MWNTs in the arrays actually
created a more surface ordered or ‘sturdier’ array. It is
practically necessary to understand both the extent of surface
order as well as the extent of chemical functionalization in
carbon nanotube arrays so that these nanomaterials can be
effectively incorporated and manipulated into future func-
tional devices.
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