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etermining the chirality and pres-

ence of defects in individual car-

bon nanotubes is important for
correlating structural information with opti-
cal, electrical, and magnetic properties.
One of the best ways to obtain detailed
structural information about individual
nanotubes is by using high-resolution trans-
mission electron microscopy (HRTEM) with
resolution sufficient to image the carbon
atomic structure.? The small atomic mass
of carbon makes it highly susceptible to
damage by the electron beam when exam-
ined using HRTEM.># Knock-on structural
damage can be significantly reduced by
lowering the accelerating voltage of elec-
trons in HRTEM. The advancement of
aberration-corrected HRTEM now permits
angstrom resolution at a low accelerating
voltage of 80 kV and enables the carbon at-
oms in the sp? graphitic nanomaterials such
as graphene and SWNTs to be directly
imaged.>® While low-voltage HRTEM (LV-
HRTEM) has demonstrated its immense
power as a technique for determining the
chirality of SWNTs®7 and the cage structure
of single fullerene isomers,® the interaction
of electrons accelerated at these low volt-
ages with sp?-bonded carbon atom:s is rela-
tively unknown. The exact value of the
knock-on damage threshold is yet to be ex-
perimentally determined for SWNTs and
fullerenes. It has long been thought that
electrons accelerated at 80 kV do not have
sufficient energy to induce knock-on dam-
age in SWNTs. We recently showed that
fullerenes coalesce inside SWNT peapods
under low intensity 80 kV electron beam ir-
radiation without damaging the 1.5 nm
SWNT host.? Further experiments are
needed to develop an understanding of
how damage is induced in SWNTs by elec-

www.acsnano.org

ABSTRACT We investigate the long-standing question of whether electrons accelerated at 80 kV are below

the knock-on damage threshold for single-walled carbon nanotubes (SWNTSs). Aberration-corrected high-resolution

transmission electron microscopy is used to directly image the atomic structure of the SWNTs and provides in situ

monitoring of the structural modification induced by electron beam irradiation at 80 kV. We find that SWNTSs with

small diameters of 1 nm are damaged by the electron beam, and defects are produced in the side walls that can

lead to their destruction. SWNTs with diameters of 1.3 nm and larger are more stable against degradation, and

stability increases with diameter. The effect of diameter, defects, and exterior contamination on the inherent

stability of SWNTs under electron beam irradiation is investigated.

KEYWORDS: single-walled carbon nanotubes - SWNTs - transmission electron

microscopy - HRTEM - electron beam irradiation

trons with sufficiently high intensity for
atomic resolution imaging of carbon and
what structural transformations occur. This
is important for the continual progression
and advancement of HRTEM as a technique
for analyzing the atomic structure of
graphene-based carbon nanomaterials. We
directly address the issue of knock-on dam-
age in SWNTs by examining SWNTs with dif-
ferent diameters, cleanliness, and structural
integrity.

Several theoretical approaches have
been taken to ascertain the electron
knock-on cross section of carbon nano-
tubes and their stability and modification
under electron beam irradiation.'” ' The
minimum energy required to be transferred
to an individual carbon atom to induce a
single monovacancy in the SWNTSs has been
investigated.'®'21415 Smith et al. calculated
that a minimum incident electron energy of
86 keV was sufficient to knock carbon at-
oms from their position within the top and
bottom walls, perpendicular to the direction
of electron beam propagation.'" This work
was correlated with TEM analysis showing
that the damage to SWNTs with prolonged
electron beam irradiation at 80 kV was
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Figure 1. (i) Time series of TEM images showing the rapid destruction of a SWNT contaminated with a large amount of ma-
terial relative to a clean SWNT with (33,8) chirality. Time between each frame is 5 s. Scale bar indicates 5 nm. (ii) Time series
of HRTEM images showing trace amounts of nanocarbon material on the outside. (iii) Time series of HRTEM with higher mag-
nification showing trace amounts of nanocarbon material on the outside. Scale bar indicates 1 nm.

significantly less than at 100 kV."" Krasheninnikov et al.
have investigated the role diameter and chirality of
SWNTs plays on their stability under electron irradia-
tion.!* They determined that the displacement energy
for carbon atoms in SWNTSs increased as the diameter
increased.!® This means that larger diameter SWNTSs
should be more robust against electron beam irradia-
tion than smaller ones. Eventually, the displacement en-
ergy for very large diameter SWNTs should approach
close to that of graphene. Experimental studies on
MWNTs under electron beam irradiation have shown
the preferential destruction of the inner shell first, due
to a higher rate of defect formation."” This was related
to a lowering of the displacement threshold for the in-
ner nanotube with the highest degree of curvature in its
atomic structure.”” However, a detailed study examin-
ing the diameter dependence of SWNT stability under
80 kV electron beam is currently lacking.

The stability of SWNTs under electron beam irradia-
tion is also influenced by the presence of defects, either
intrinsic (i.e., formed during the production process) or
induced by knock-on displacement from electron beam
irradiation. The displacement threshold for carbon at-
oms situated next to a vacancy is reduced,’®' and this
can lead to an increase in the sputtering of carbon at-
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oms under electron beam irradiation. Thus the pres-
ence of vacancies and defects in SWNTs decreases their
stability under electron beam damage. Experimental
confirmation of this in SWNTs has yet to be fully eluci-
dated using low-voltage atomic-resolution HRTEM. HR-
TEM examination of SWNTSs often requires high electron
beam current densities, and theoretical modeling of
the resulting structural transformations needs to take
into account more than just the initial vacancy forma-
tion.”

Here, we use aberration-corrected LV-HRTEM with
angstrom spatial resolution to directly image the
atomic structure of the SWNTs and perform in situ mea-
surements regarding the role diameter, defects, and
contamination has on the stability of SWNTSs using elec-
trons accelerated at 80 kV. Electrons accelerated at 80
kV are supposed to be below the knock-on displace-
ment threshold of SWNTs, and we investigate whether
damage is induced in the SWNTs. Time series of HRTEM
images are taken to provide in situ real-time tracking
of the structural modifications. The SWNTs were pre-
pared according to a previously reported procedure.'®
Briefly, the nanotubes were grown as a mat by chemi-
cal vapor deposition with a remote microwave plasma
from Fe catalyst on Al,Os support layers from hydrogen-
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diluted methane at 20 mbar
pressure at about 650 °C.'8
SWNTs with exterior con-
tamination required an Fe
colloidal catalyst. TEM
samples were prepared by
first removing the SWNTs
from the silicon substrates
using a clean razor blade and
then dropped into a glass
vial. Methanol was then
added to the vial, and soni-
cation was applied for 10
min to debundle the origi-
nally dense mats of SWNTs.
A lacey carbon-coated TEM
grid was dipped into the
SWNT/methanol solution
and allowed to dry. HRTEM
was performed using a FEI Ti-
tan? operating at 80 kV with
spherical aberration correc-
tion. Electron beam current
densities were approxi-
mately between 0.1 and 3.0
pA/nm?Z. The chirality of the
SWNTs was determined by
analyzing the 2D fast Fourier
transforms to measure the
chiral angle vector. Line pro-
files measuring the gray
scale intensity across the
axis of the SWNT were taken
to determine the diameter.
Knowledge of the chiral
angle vector combined with
the diameter and tilt enables the SWNT chirality to be
evaluated.

During our investigation, we made sure that we
compared SWNTs that received identical dosages of
electrons. This was achieved by finding areas contain-
ing multiple SWNTs of interest in close proximity. This
also ensured that the contact of the SWNTs with the
TEM grid was similar, and effects such as heating and
the dissipation of heat would be the same during the
exposure period. We found that SWNTs that were con-
taminated with material deposited on the surface were
unstable under constant electron beam irradiation.
The material on the outside of the SWNT consisted of
amorphous carbon and possibly residue Fe from the
catalyst used in the growth procedure. We observed
crystalline lattice fringes in parts of the contamination
with lattice spacing of 0.34 nm. Figure 1i shows a time
series of HRTEM images of two SWNTs under constant
electron beam irradiation, with 5 s between each image.
Figure Tia shows a pristine 3 nm diameter SWNT with
chirality indexed to (33,8) on the left and a 3.2 nm diam-

a
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Figure 2. Time series of HRTEM images showing the rapid destruction of a (7,7) SWNT with defects
compared to the defect-free (9,6) SWNT.

eter SWNT contaminated with material on the outside
on the right, indicated with an arrow (see Supporting
Information). The presence of material on the outside
of the SWNT results in rapid deformation of the SWNT
when exposed to electron beam irradiation, even at the
low accelerating voltage of 80 kV. Figure 1ib shows
that after only 5 s significant distortion occurs. As time
goes on for a further 40 s (Figure 1ic—j), the SWNT con-
taminated with material is destroyed, while the pris-
tine (33,8) SWNT to the left remains relatively un-
changed. It is important to note that both the pristine
and dirty SWNT are in close proximity and thus receive
almost identical electron beam dosage and are con-
tacted to the copper grid and rest of the sample in a
similar manner. This enables a direct comparison of
electron beam induced effects over the time period
shown in Figure 1i. These results demonstrate that the
stability of SWNTs is significantly increased if the outer
surface is pristine. We attribute this reduced stability to
the material on the outside the SWNT reacting with
the SWNT to disrupt the sp? carbon bonding and the
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Figure 3. Time series of HRTEM images showing the SWNTs with smaller diameter ((8,5) and (9,5)) and are destroyed faster

than the larger diameter SWNT (24,9). Scale bar indicates 2 nm.

subsequent structural rearrangement of the SWNT lead-
ing to shape deformation. The amorphous carbon on
the outside of the SWNT contains many dangling bonds
that are chemically reactive. The possible presence of
Fe atoms would also lead to reactions with the sur-
rounding carbon. Energy provided by the electron
beam may be sufficient to instigate reactions with
neighboring carbon atoms on the SWNT and change
their bonding and lead to distortion of the SWNT gra-
phitic lattice structure. Damage to the sp? bonding
structure in the SWNT and the presence of unsatur-
ated carbon atoms will increase the susceptibility for
electron beam induced sputtering. In Figure 1i, we see
both the removal of a large amount of carbon via elec-
tron beam induced sputtering, along with the SWNT
undergoing structural rearrangement to compensate.
Yuzvinsky et al. have shown that the addition of con-
taminants such as oxygen and water reduces the dam-
age threshold of MWNTSs and enables precision cutting
of the MWNT at a low electron accelerating voltage of 1
kV.'® Without the contaminants reacting with the sur-
face of the MWNTs, they remained stable under elec-
tron beam irradiation at 1 kV."?

We found that small nanometer-sized carbons
present on the outer surface of the larger diameter
SWNTSs were initially mobile under electron beam irra-
diation. However, after a few minutes of electron beam
irradiation, the trace amounts of nanocarbon material
were incorporated into the side-wall structure of the
SWNT. The incorporation of these trace amounts of car-
bon into the SWNT structure resulted in only localized
structural changes that were not significant enough to
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induce large-scale shape rearrangement that was ob-
served in Figure Ti. Figure Tiia shows a section of a
SWNT containing approximately 10 nanocarbon pieces
on the surface. Figure 1iib shows a higher magnification
of this same SWNT after 20 s of electron beam irradia-
tion. Several of the small nanocarbon pieces have
changed shape and position. This is continued for an-
other 20 s, as shown in Figure Tiic. In Figure Tiii, we in-
creased the magnification in the HRTEM in order to ex-
amine how the nanocarbon pieces interact with the
outer surface of the SWNT and the structural changes
that result. The time between images is 20 s. During the
irradiation process (Figure 1iiia—f), the size of the nano-
carbon material increased, especially the two pieces in-
dicated with an arrow in Figure Tiiia. The increase in size
requires additional carbon material, which must come
from either the SWNT or the diffusion of carbon atoms
along the surface of the SWNT from a larger feedstock
area on the TEM grid. In Figure Tiiie, the side wall of the
SWNT has been opened to form a small bubble on the
surface, indicated with an arrow. This is also seen in the
two other sections in Figure 1iiif, and surprisingly, the
opening of the side wall observed in the middle section
in Figure Tiiie is now closed with the outer bubble re-
maining. Overall, we found that the larger 3 nm SWNTs
remained structurally stable when the amount of con-
tamination on the outer SWNT was present in only trace
amounts and consisted of only carbon and not cata-
lytic metals such as Fe.

Next we examined how the presence of defects af-
fected the stability of clean SWNTs. Figure 2a shows a
HRTEM image of two SWNTs. The 1T nm diameter SWNT
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on the left is nearly defect-
free with (9,6) chirality, and
the 0.9 nm diameter SWNT
below has (7,7) chirality and
contains a large defect, indi-
cated with an arrow. Figure
2a—f is a time series of HR-
TEM images showing the ef-
fect a defect has on the sta-
bility of SWNTs under
constant electron beam irra-
diation. The time between
each frame is 20 s. Figure 2b
shows that after only 20 s re-
gion (i) of the (7,7) SWNT

P
kY

8.5)

has been significantly dam- a Lt e S IRI s

aged compared to region (i)
and the (9,6) SWNT. Twenty
seconds later, in Figure 2c,
the defective region (i) has
merged with the pristine re-
gion (i) and the entire SWNT
has straightened out. We ob-
served that electron beam ir-
radiation at 80 kV created
new defects in the pristine
side walls of a SWNT; these
new defects are indicated
with arrows in Figure 2b—d.
Figure 2f shows that after
100 s of electron beam irra-
diation the defective (7,7) SWNT is largely distorted
with significant damage as compared to the (9,6) SWNT.
The (9,6) SWNT remains intact with only a few defects
induced into the side walls of the SWNT. This series of
HRTEM images reveals that SWNTs with defects are less
stable under electron beam irradiation than high-
quality defect-free SWNTSs. Carbon atoms situated
around a defect in SWNTSs are often unstable and reac-
tive. These results agree with the theoretical work of
Crespi et al.® and Krasheninnikov et al.'® that predicts
defective SWNTSs are less stable than defect-free SWNTs.
Figure 2 shows that electron beam irradiation at an ac-
celerating voltage of 80 kV does result in the formation
of new defects in narrow 1 nm diameter SWNTSs in re-
gions that were originally pristine.

We observed that SWNTs with small diameters
seemed to degrade faster than their larger diameter
counterparts. In order to examine this, we located a re-
gion of the sample that contained both large (~2-3
nm) and small (~1 nm) diameter SWNTs next to each
other. This enables the same electron beam dosage to
be applied to both narrow and large diameter SWNTs
and provides a true comparison of diameter-dependent
effects. Figure 3a shows a HRTEM image of a region
containing three SWNTSs, one large 2.3 nm diameter
SWNT with (24,9) chirality and two smaller SWNTs with

AN
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Figure 4. (i) Time series of HRTEM images of a large 2.3 nm diameter (24,9) SWNT under constant
electron beam irradiation. Arrows indicate the presence of defects. Time between frames is 5 s. Scale
bar indicates 2 nm. (ii) Time series of HRTEM images of a narrow 0.89 nm diameter (8,5) chirality SWNT
under constant electron beam irradiation. Time between frames is 20 s. Scale bar indicates 2 nm.
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(9,5) and (8,5) chiralities and diameters of 0.96 and
0.89 nm, respectively. Figure 3a—f shows a time series
of HRTEM images with 20 s between each image. Fig-
ure 3f shows that after 100 s of constant electron beam
irradiation the two smaller SWNTs have undergone sig-
nificant structural deformation, while the larger (24,9)
SWNT remains relatively unchanged.

The effect of electron beam irradiation on the SWNT
atomic structure is shown in more detail in Figure 4i,ii.
Figure 4ia—f shows a time series of HRTEM images of
the 2.3 nm diameter (24,9) chirality SWNT after an ini-
tial 60 s of electron beam irradiation. The time between
each frame is 5 s. Arrows are included to indicate the
presence of a defect in the side wall of the SWNT. In Fig-
ure 4ia, a defect (1) is present in the bottom section of
the SWNT, while the rest of the SWNT remains pristine.
Figure 4ib shows that 5 s later a new defect (2) appears
to the left. In Figure 4ic, another new defect (3) ap-
pears in the top right-hand side of the SWNT. As time
progresses (Figure 4ic—f), defect (3) in the top region
moves along the nanotube to the left-hand side to be-
come almost vertically aligned with the large defect (1)
in the bottom side of the SWNT. A new smaller defect
(4) also emerges in the top side to the left of the SWNT.
Figure 4if also shows that defect (2) is no longer present
and was only temporarily observable. This may be due
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the higher the strain in the carbon
bonds. Higher strain in the chemical
bonds results in reduced stability and
increased reactivity.”’ We used the CoN-
Tub algorithm?' to generate structural
models of (24,9) and (8,5) SWNTs in or-
der to investigate the diameter-
dependent strain on the carbon bonds.

93.8° 91.4° 93.9° 91.3°

iii iV iii

Figure 5. Structural model with the back half removed showing the atomic structure of
(a) (24,9) and (b) (8,5) SWNTs. Two sets of carbon atom directions with different strain are
indicated with (i) and (ii) and highlighted in red. (c)(i) Three-dimensional view of the carbon
atoms indicated in (a)(i) with measurement of the angles used for determining the pyrami-
dalization angle. (ii) Three-dimensional view of the (24,9) SWNT carbon atoms indicated
in (a)(ii) with measurement of the angles used for determining the pyramidalization angle.
(iii) End-on view of (c)(i). (iv) End-on view of (c)(ii). (d)(i) Three-dimensional view of the
(8,5) SWNT carbon atoms indicated in (b)(i) with measurement of the angles used for de-
termining the pyramidalization angle. (ii) Three-dimensional view of the carbon atoms in-
dicated in (b)(ii) with measurement of the angles used for determining the pyramidaliza-

tion angle. (iii) End-on view of (d)(i). (iv) End-on view of (d)(ii).

96.%7,/*T'\97_5° 108.5° | .87.2°
/ \ / | \

to the SWNT heating up from the electron beam irradia-
tion and the subsequent effects of annealing. This
shows that defects are induced in the side walls of the
SWNTs and they are mobile and in some circumstances
only temporary. Figure 4ii shows a time series of HR-
TEM images of the narrow 0.89 nm diameter (8,5) chiral-
ity SWNT. The time between each frame is 20 s. Figure
4iia shows the (8,5) SWNT at the beginning of the elec-
tron beam irradiation with pristine structure. Figure 4iid
shows that after 60 s of electron beam irradiation the
atomic structure of the SWNT is extremely distorted and
no longer represents a (8,5) SWNT. The mechanism be-
hind the time-dependent evolution of damage that we
observe in HRTEM involves several competing effects
such as electron beam induced thermal annealing that
can heal defects and electrostatic charging. Electron
beam irradiation can induce electronic excitations that
lead to weakening of the carbon bonds, and this may
lead to a reduction in the energy required for atomic
displacement.

The HRTEM results from Figures 3 and 4i,ii demon-
strate that larger diameter SWNTs are more stable un-
der electron beam irradiation than smaller diameter
SWNTs, in agreement with the theoretical work of
Krasheninnikov et al."> When a sheet of graphene is
rolled up to form a SWNT, strain is induced on the car-
bon bonds due to the curvature of the SWNT.?° The nar-
rower the diameter of the SWNT, the tighter the
graphene sheet has to be rolled to form a SWNT and
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Figure 5a shows the atomic structure of
one wall of the (24,9) SWNT. The back
wall has been removed for clarity of pre-
sentation and ease of analysis. Strain is
induced differently to carbon atoms de-
pending upon their direction with re-
spect to the axis of the SWNT. There ex-
ist two sets of carbon atoms with similar
strain profiles, and these are illustrated
iV in Figure 5a,b, by labeling with (i) and (ii)
and in red color. Higher strain is in-
duced upon the set of carbon atoms la-
beled (ii) due to their direction with re-
spect to the curvature of the SWNT.
Figure 5c,d analyzes the strain in each
of these systems. Figure 5ci shows a 3D
view of the set of carbon atoms in Fig-
ure 5ai, and Figure 5cii shows a 3D view
of the set of carbon atoms in Figure
5aii. We measured two angles for each
set of carbon atoms that can be used to determine the
pyramidalization angle, 6,.%° The pyramidalization angle
can be determined by summing these two angles to-
gether, then subtracting 180° and then dividing by 2.
This gives 0,(i) = 2.6° for the set of carbon atoms (i) for
a (24,9) SWNT. We find 8,(ii) = 2.6° for the set of carbon
atoms (ii) for a (24,9) SWNT. Figure 5ciii,iv shows the
end-on view of the set of carbon atoms presented
above in Figure 5ci,ii, respectively. Similar measure-
ments were taken on the (8,5) SWNT and are shown in
Figure 5d. We find 6,(i) = 6.85° and 8,(ii) = 6.85° for the
(8,5) SWNT. While the pyramidalization angle is the
same for both sets of carbon atoms in both the (24,9)
and (8,5), there is a major difference in the misalign-
ment of the m orbitals, which is suggested as the main
source of strain in carbon nanotubes.?’ The misalign-
ment of 7 orbitals can be seen when examining the
end-on view presented in Figure 5ciii,iv and diii,iv.
When there is no misalignment, the end-on view should
give the appearance of only three carbon atoms. Mis-
alignment results in an angle between the back three
carbon atoms and the front three and the appearance
of five carbon atoms. The largest misalignment of the
orbitals is seen in Figure 5div. We measured 1 orbital
misalignment angles, ¢, for (24,9) SWNT as &(i) = 7.0°
and &(ii) = 3.5°, and for (8,5) SWNTs as (i) = 4.7° and
&(ii) = 17.5° This reveals a significantly larger strain is
present in the (8,5) SWNT as compared to the (24,9)
SWNT due to the larger 7 orbital misalignment. The re-
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sults presented in Figures 3 and 4 show a direct corre-
lation between the strain induced upon the carbon
bonds by the curvature of SWNTs and their stability
we observed under electron beam irradiation.

In summary, we have examined how electrons accel-
erated at 80 kV interact with SWNTs. We showed that
SWNTs contaminated with large amounts of dirt/ma-
terial on the outside were unstable. When only trace
amounts of nanocarbon was present on the surface of
larger 3 nm diameter SWNTs, it was incorporated into
the side walls of the SWNTs after prolonged electron
beam irradiation. SWNTs with significant defects were
unstable and degraded faster than pristine SWNTs. We
showed that the stability of SWNTSs increases with in-
creasing diameter. These results correlate well with the
theoretical calculations involving SWNTs under electron
beam irradiation.'®'® SWNTs with subnanometer diam-
eters were very prone to electron beam induced struc-
tural damage. In larger 2—3 nm diameter SWNTs, de-
fects were mobile and in some cases only lasted
temporarily. Most importantly, although it has long
been thought that 80 kV might be below the knock-on
damage threshold for SWNTs, we find electron beam ir-
radiation still produces defects in pristine SWNTs result-
ing in damage. However, the beam current densities
we used were large and excessive, and by lowering this,
damage may be avoided for sufficiently long periods
of time. These results indicate that extreme care must
be taken when performing in situ HRTEM chirality deter-
mination of SWNTs in applications such as FET devices
where damage to the structure is unwanted.
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