Measuring Point Defect Density in
Individual Carbon Nanotubes Using
Polarization-Dependent X-ray

Microscopy

Alexandre Felten,"* Xavier Gillon," Michal Gulas,” Jean-Jacques Pireaux,” Xiaoxing Ke,* Gustaaf Van
Tendeloo,* Carla Bittencourt,® Ebrahim Najafi,* and Adam. P. Hitchcock*

PMR, Facultés Universitaires Notre-Dame de la Paix (FUNDP), Namur, Belgium B-5000, *EMAT, University of Antwerp, Antwerp, Belgium B-2610, SLCIA, University of
Mons, Mons, Belgium B-7000, and - Chemistry & Chemical Biology, McMaster University, Hamilton, Canada L854M1

heoretical and experimental evi-

dence indicate that structural de-

fects in carbon nanotubes (CNTs)
dramatically alter their physical, mechani-
cal, and electronic properties.! Defects are
known to reduce mechanical strength and
Young modulus of the CNT and disrupt
their electrical and phonon conductivity.??
However, controlled introduction of defects
can improve device performance for spe-
cific applications. Site-selective functional-
ization of CNTs was performed by Raghu-
veer et al. using focused ion beam
irradiation (FIB) with subsequent chemical
treatment.? FIB-generated defects are more
reactive toward chemical species than pris-
tine parts of the nanotube. Gomez-Navarro
et al.> have shown that the resistance of
single-walled CNTs (SWCNTSs) can be tuned
by defects created using Ar* irradiation.
Plasma treatment of carbon nanotubes,
which induces active sites and defects, is
used to tailor size and distribution of metal-
lic nanoparticles evaporated on the nano-
tube surface.® Gas sensors based on defec-
tive nanotubes also show improved
sensitivity.” Recently, high-energy electron
and ion beams have been employed to in-
tentionally damage CNTs, changing their
morphologies, welding tubes together, and
soldering them to metal plates.®~1°

Particle irradiation damages materials

mainly through ionization and knock-on
processes.!! In materials such as CNTSs, ion-
ization is often quenched while knock-on
collisions transfer energy and momentum
to the target atoms, causing atomic dis-
placements or atom removal.'? In multi-
walled carbon nanotubes (MWCNTSs), radia-
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ABSTRACT The presence of defects in carbon nanotubes strongly modifies their electrical, mechanical, and
chemical properties. It was long thought undesirable, but recent experiments have shown that introduction of
structural defects using ion or electron irradiation can lead to novel nanodevices. We demonstrate a method for
detecting and quantifying point defect density in individual carbon nanotubes (CNTs) based on measuring the
polarization dependence (linear dichroism) of the C 1s — 77 transition at specific locations along individual CNTs
with a scanning transmission X-ray microscope (STXM). We show that STXM can be used to probe defect density
in individual CNTs with high spatial resolution. The quantitative relationship between ion dose, nanotube
diameter, and defect density was explored by purposely irradiating selected sections of nanotubes with
kiloelectronvolt (keV) Ga* ions. Our results establish polarization-dependent X-ray microscopy as a new and very
powerful characterization technique for carbon nanotubes and other anisotropic nanostructures.
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tion defects result in rupture, tilting, and
bending of the basal planes. Prolonged ex-
posure shrinks MWCNTSs and eventually re-
moves their central hollow core.™
To control the quality of as-grown CNTs
and to study intentionally irradiated nano-
tubes, it is necessary to develop tools that
are able to localize, characterize, and quan-
tify defects on individual nanotubes. Exist-
ing methods, such as micro-Raman, anchor-
ing of metal nanoparticles at defect sites,
high-resolution transmission electron mi-
croscopy, Rayleigh and Raman scattering,
and photoemission spectroscopy, are either
not quantitative or show limited spatial
resolution. In this paper, we demonstrate a
new method to visualize defect density spa-  *Address correspondence to
tial distributions in pristine and ion beam alexandre felten@fundp.ac.be.
damaged MWCNTs based on STXM."1#77 Received for review February 4, 2010
STXM is a synchrotron-based technique  and accepted July 01, 2010.
that combines near-edge X-ray absorption Published online July 7, 2010.
fine structure (NEXAFS) spectroscopy and 10.1021/nn1002248
focused probe microscopy to image and
measure material properties at high spatial ~ ©2010 American Chemical Society

VOL. 4 = NO.8 = 4431-4436 = 2010 A@q%{g) 4431



Intensity (arb. units)

285 290 295 300 305 310 315 320
photon energy (eV)

Figure 1. Linear dichroism of individual MWCNTs. Carbon 1s
NEXAFS spectra of an individual MWCNT. The spectra were
extracted from the red and white regions indicated in the in-
set STXM images, recorded at 292 eV. The red and black
curves correspond to the spectra of the same nanotube ori-
ented either parallel or 90° relative to the E-vector.

resolution. The state-of-the-art spatial resolution in
STXM is better than 15 nm, although the spatial resolu-
tion employed in this work was 30 nm. In STXM, mono-
chromatic X-rays are focused to a small area, and im-
ages are made by raster scanning the specimen
through the focal point while simultaneously record-
ing the intensity of the transmitted light.'® The photon
energy is varied to probe X-ray absorption spectral
properties. STXM employs linearly polarized X-rays,
and therefore, it can determine local anisotropy and
structural order of materials at microscopic levels. Re-
cently, we have shown that the C 1s — w* transition
from individual MWCNTs measured in STXM exhibits
strong linear dichroism.’®?° Electron energy loss in
transmission electron microscopes (TEM-EELS) pro-
vides outstanding spatial resolution and, in principle,
has an analogous sensitivity to anisotropic electronic
structure through g-dependent EELS.?'~2 However, to
date, g-dependent TEM-EELS has not been used to
study the analogue of the dichroic signal we are exploit-
ing in this work to characterize point defects in CNTs.

In this work, we have used controlled ion bombard-
ment to selectively damage regions of MWCNTs and
then measured the linear dichroism of these regions in
STXM. Correlation of ion dose with modification of the
w* dichroism is used to explore the extent to which
there is a quantitative relationship of the dichroic sig-
nal to local density of defects.

RESULTS AND DISCUSSION

Figure 1 plots the C 1s NEXAFS spectra of an indi-
vidual MWCNT, with the CNTs oriented both vertically
and horizontally relative to the E-vector. The spectra
were extracted from the red and white regions indi-
cated in the inset STXM images, recorded at 292 eV. The
spectra from the two measurements were scaled to
match at the pre-edge (282 eV) and post-edge (320 eV)
energies and corrected for the noncircular portion of
the X-rays.?° The spectra exhibit a sharp peak at 285.2
eV corresponding to C 1s — mr* transitions at sp? sites,
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and a broader peak at 291.7 eV corresponding to C 1s
— ¢ transitions. There is no visible peak between 286
and 291 eV, indicating that the tubes were not appre-
ciably oxidized. The m* intensity around 285.2 eV
reaches a maximum when the long axis of the nano-
tube is perpendicular to the E-vector of the incident po-
larized light (/,), and its intensity is minimum when
both nanotube and E-vector are aligned (/). Such dras-
tic behavior is explained by the angle dependence of
the C 1s — 7* electronic excitation of the graphene-
like sheets, which constitute the nanotube.?*? Linear
dichroic intensities can be described as / = B + A cos*(0
— Ore), Where I is the 7* resonance intensity, (0 — 0ef)
is the angle between the CNT long axis and the
E-vector, A is the amplitude of the dichroic compo-
nent, and B is a constant intensity corresponding to
structural components (such as sp? defects) that do not
exhibit dichroism. This equation has been used previ-
ously to perform quantitative analyses of the dichroic
intensities of individual MWCNTs."®

The magnitude of the polarization dependence,
which is defined as the dichroic ratio, I = Iy/l,, is found
to differ among CNTs synthesized by different meth-
ods due to the natural density of defects associated
with these methods.’® We measure I; for four commer-
cially available carbon nanotubes (see Methods). It is
seen that nanotubes produced by arc-discharge have
lower I (0.10—0.15) compared to nanotubes synthe-
sized by chemical vapor deposition (0.30—0.33). This re-
sult is associated with a smaller amount of defects
present in arc-discharge nanotubes.?>?¢ Indeed, for a
defect-free nanotube, the w* transition is forbidden
when E is parallel to the tube and its intensity is maxi-
mum when E is perpendicular; Iy is thus close to 0.'° The
situation is very different for a tube that loses its sp?
character at many sites through bonding to other
groups or through removal of carbon atoms and subse-
quent buckling, deformation, and change of electronic
structure. At the limit of total destruction of all sp? char-
acter, the material would become completely amor-
phous, there would be a drastic reduction in the inten-
sity of the 7* peak, and I; for any residual C 1s — ¥
transition would approach 1. A nanotube containing
sp? defects would be somewhere between those ex-
tremities, closer to one or the other, depending on the
density of defects. We thus postulate that the I ratio
can be used as a quantitative measure of the extent of
non-sp? character (called sp? defects). We note that this
technique, as presented here, is not sensitive to the ex-
act type of deviations from local sp? character. In addi-
tion, while further investigation is needed on samples
well-characterized by other techniques, such as se-
lected area diffraction in TEM, we expect the dichroism
to be most strongly related to point defects.

To demonstrate the ability of STXM to quantify de-
fect distributions in individual carbon nanotubes, we ir-
radiated CNTs with a 10 keV beam of Ga* ions using a
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Figure 2. Characterization of defects in MWCNTs irradiated using a site-selective ion beam. (a) Transmission electron mi-
croscopy image of a MWCNT after site-selective irradiation of a 1 X 1 pum? zone (indicated in blue) with a dose of 6 x 10'¢
ions cm™2, The diameter of this particular nanotube is 70 nm. STXM stacks and HRTEM images were recorded for the fully ir-
radiated (site 3), partially irradiated (site 2), and pristine (site 1) segments as indicated by the black boxes and circles, respec-
tively. (b) Carbon 1s NEXAFS spectra extracted from the three different sites indicated by the black boxes. The red and black
curves correspond, respectively, to the nanotube oriented perpendicular and parallel to the E-vector. The ratio Iz between
parallel and perpendicular =w* intensities is calculated for each region. The green curve at the bottom was recorded from the
amorphous carbon of the supporting TEM grid for comparison purposes. (c) High-resolution TEM images of the three re-
gions indicated by the black circles. The images are 10 X 10 nm?%

focused ion beam apparatus. Figure 2a shows a TEM
image of a carbon nanotube after site-selective irradia-
tion of a 1 X 1 wm? zone with a dose of 6 X 106 ions
cm™2 STXM stacks (a sequence of images over a range
of photon energies) and HRTEM images were recorded
for the fully irradiated (site 3), partially irradiated (site 2),
and pristine (site 1) segments, as indicated by the black
boxes and circles, respectively. For each region, C 1s
stacks were recorded with both parallel and perpen-
dicular orientation of the E-vector relative to the tubes.
The corresponding NEXAFS spectra and HRTEM images
of fully irradiated (site 3), partially irradiated (site 2),
and pristine segments (site 1) are shown on Figure 2b,c.
The red spectra correspond to the nanotube oriented
perpendicular to the E-vector and the black spectra to
the nanotube oriented parallel to the E-vector. The
dichroic ratio calculated for each site is 0.99, 0.70, and
0.32, respectively. The Iz value for the irradiated section
is very close to 1, which indicates that almost all sp?
character is lost: this segment was transformed into an

www.acsnano.org

amorphous carbon nanowire by ion bombardment, as
confirmed by the HRTEM analysis.

To characterize the quantitative nature of the rela-
tionship between damage and the dichroic ratio, two
series of tubes with diameters of roughly 50 and 70 nm
were site-selectively irradiated with various doses of
ions. The polarization ratios of the irradiated areas were
then measured and compared. Table 1 summarizes
the results. As expected, increasing the dose results in
a higher I, which is consistent with the expected higher

TABLE 1. Carbon 1s — w* Dichroic Ratios Measured on
Two Sets of Nanotubes for Different Doses of lon
Bombardment

dose (ions cm~2)

6 10
1X10'6
110"
pristine

=1yl
thinner CNTs (50 —55 nm) thicker CNT (70—75 nm)
0.99 0.99
1.00 0.62
0.71 0.50
0.30
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Figure 3. Nanotube diameter dependence of defect density.
Dichroic ratio Iz of nanotubes irradiated with 10 keV Ga*
ions at a dose of 10'> ions cm™~2 versus the nanotube diam-
eter for five MWCNTSs. The line fit reveals a linear
dependence.

defect density. We observe that nanotubes with differ-
ent diameters exposed to the same ion dose have dif-
ferent Ig. The polarization ratio for the thinner MWCNTSs
increases from 0.30 for the pristine section to 0.71 for
the area exposed to a dose of 10'® ions cm™~2 higher ion
beam doses increase the polarization ratio to that of
amorphous carbon (~1.00). The results shown in Table
1 suggest that complete amorphization of the thicker
nanotubes occurs for ion doses higher than that for the
thin nanotubes; the polarization ratio increases from
0.30 to 0.50, 0.62, and 0.99 after 10'%, 10'%, and 6 X 10'®
ions cm ™2, respectively.

To further study the dependence of the nanotube
diameter on radiation damage, we selected MWCNTs
with diameters ranging from ~50 to ~85 nm and irra-
diated them with the same dose of 1 X 10" ions cm 2,
Figure 3 plots Iz versus nanotube diameter for five nan-
otubes irradiated at 10" ions cm 2. The I decreases

N
N\ ions.cm2
N

FIB dose : 1016

with increasing tube diameter. For the thin MWCNTSs, I
is close to that of amorphous carbon, indicating that
they are very prone to radiation damage. In contrast,
as the tubes become thicker, they become more resis-
tant to ion irradiation. Therefore, knowing that the de-
fect concentration is the ratio of non-sp? atoms to the
total number of atoms in the system, it can be sug-
gested that the depth of the ion damage is smaller than
the nanotube diameter. Figure 4 displays electron mi-
croscopy images of two nanotubes of 50 and 70 nm di-
ameter irradiated simultaneously with 10'® ions cm™2,
For the large diameter nanotube, the Iz before irradia-
tion was 0.41. The discrepancy between this value and
the value of 0.3 for pristine can be explained as follow :
as can be seen from Figure 4, the larger diameter nano-
tube has a herringbone structure; due to the intrinsic
tilted alignment of the walls, it is impossible to have the
alignment between the E-vector and all walls, through-
out the nanostructure. Thus, as it is expected, the non-
aligned bonds contribute to the increase in the I; value.
The images in Figure 4 show that the 50 nm nanotube
became completely amorphous, as indicated by an Iz
value of 1. On the contrary, the larger nanotube kept its
inner shells intact, consistent with a lower defect den-
sity and the measured Iz of 0.62. The resistance of the
thicker tube to ion beam damage can be explained by
the penetration depth of 10 keV Ga™ ions inside a car-
bon nanotube. The program SRIM was used to simulate
the distribution of irradiation defects in nanotubes for
10 keV Ga* ions.?” The SRIM simulation predicts that, at
this ion energy, damage density peaks around 10 nm

amorphous

Figure 4. Penetration depth of ions in MWCNTs. Left: TEM image of two MWCNTSs of 50 and 70 nm diameter irradiated with
10 keV Ga* ions at a dose of 10'¢ ions cm~2, Right: High-resolution TEM images corresponding to regions labeled as 1 (left)
and 2 (right) in the top image. The thinner nanotube is completely amorphous, while the inner graphitic structure remains in-

tact in the large nanotube. The images are 19 x 30 nm2
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under the surface with a profile extending to 35 nm in
depth. Taking into account that SRIM is only
applicable to amorphous materials and that the hol-
low core of a multiwalled nanotube is around 10 nm,
we find that the simulation is in agreement with the de-
fect density difference created in the 50 and 70 nm
nanotubes.

In conclusion, we have demonstrated quantitative
evaluation of bulk defect density in individual multi-
walled carbon nanotubes based on the dichroic effect
of the NEXAFS C 1s spectrum. With the support of HR-

METHODS

Materials. Multiwalled carbon nanotubes used in this study
were purchased from SES company. These nanotubes were syn-
thesized using a chemical vapor deposition (CVD) method. In
paragraph 6, dichroic ratio is compared for two arc-discharge
produced nanotubes (bought from Mercorp and n-Tec) and two
CVD nanotubes (bought from SES and NanoCs). The raw pow-
ders were sonically dispersed in ethanol and a drop of the solu-
tion deposited on a lacey carbon TEM grid.

Characterization. FIB irradiation is performed using a FEI Nova
200 Nanolab Dual Beam SEM/FIB system. A standard ion col-
umn is installed which allows a Ga* ion beam at 5—30 keV. In
this paper, nanotubes were irradiated with 10 keV Ga* ions at
doses ranging from 10'° to 6 X 10'® ions cm™2.

Low-resolution TEM and high-resolution TEM (HRTEM) were
performed on a Tecnai 10 operated at 80 keV and FEI Tecnai G2
microscope operated at 200 keV, respectively.

To perform STXM measurements, the TEM grid is fixed on a
sample holder and inserted in the experimental chamber on
beamline 5.3.2 at the Advanced Light Source at the Lawrence
Berkeley National Laboratory (LBNL).2> The chamber is evacu-
ated and then filled with 1/3 atm of helium. The monochromated
X-ray beam is focused to a 30 nm spot on the sample using a
Fresnel zone plate. The transmitted signal is then measured with
single-photon counting using a phosphor converter and a high-
performance photomultiplier tube. The energy resolution of the
beamline is 150 meV, and the spatial resolution is 30 nm with the
zone plates used (240 wm diameter, 25 nm outer zones, pro-
vided by the Centre for X-ray Optics, LBNL). Sample rotation was
used to vary the nanotube axis with respect to the fixed
E-vector.®

While spectra can be measured in point or line modes, the
most useful mode for studies of nano-objects such as CNTs is
the image sequence or stack mode, in which images are mea-
sured at each photon energy in a sequence. This is functionally
equivalent to recording a full absorption spectrum at each pixel
and is analogous to energy-filtered TEM (EF-TEM) mode in TEM-
EELS. In this work, C 1s stacks were recorded with pixel size of 20
nm and a dwell time of 1 ms.

Some of the measurements were performed on beamline
10ID1 at the Canadian Light Source®' In this case, the dichroic
signal is recorded by using an EPU to rotate the E-vector in the
plane of the fixed sample. Spectral intensities from STXM532
were corrected for the incomplete polarization of the incident
light. At the ALS bend magnet beamline, the X-rays were mea-
sured to be 82 + 5% linearly polarized.3? At the CLS, the X-rays
are generated by an Apple-Il type EPU, which produces essen-
tially 100% linearly polarized light for which the spatial orienta-
tion of the E-vector can be adjusted over the range of +90° to
—90° by changing the relative positions of the quadrants (phase)
of the EPU.

SRIM Simulations. SRIM calculations were performed for Ga
ions implanted in a carbon target of 1.7 g/cm? with a displace-
ment energy of 15 V.3 SRIM code allows simulating the dam-
age depth profile at different Ga™ ion energy. At 10 keV, Ga™ ions
damage the nanotube on the uppermost 35 nm with a damage
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TEM, we found a clear relationship between nanotube
defect density, nanotube diameter, and ion dose. In ad-
dition to probing defect density, STXM provides spec-
troscopy of individual CNTs, which could be useful to
analyze the nature of the defects.?® Furthermore, this
technique should be suitable for studying other aniso-
tropic nanostructures as semiconducting nanowires
and oxide nanoribbons. In this study, focused ion beam
irradiation is also confirmed as a powerful tool to tailor
morphology and properties of individual carbon
nanotubes.

density peaking at 10 nm. It is also worth mentioning that the
Ga™ ions are implanted in the nanotube. This effect can be low-
ered by using higher energy and smaller nanotubes.
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