Type- and Species-Selective Air Etching
of Single-Walled Carbon Nanotubes
Tracked with in Situ Raman Spectroscopy

Andrew Li-Pook-Than,™* Jacques Lefebvre, and Paul Finnie™**

*National Research Council Canada, Building M-50, 1200 Montreal Road, Ottawa, ON, K1A OR6, Canada and *Department of Physics, University of Ottawa,
150 Louis Pasteur, Ottawa, ON, K1N 6N5, Canada. The manuscript was written through contributions of all authors. All authors have given approval to the final
version of the manuscript. A.L. performed the experiments, P.F. and A.L. planned the experiments, and all authors contributed to the analysis of the data and the

writing of the manuscript.

ABSTRACT The thermal oxidation of carbon nanotubes in air is investigated by in situ Raman
spectroscopy. Etching rates are directly seen to be diameter, chirality, and type dependent. We
directly track the evolution of bundled nanotube networks that undergo air etching from 300 to
600 °C. Some species are more robust than others. Changes to radial breathing mode (RBM) and
G— peak structures suggest that metallic species etch away more rapidly, with smaller diameter
semiconducting species etching more slowly and large diameter nanotubes, including semiconduc-
tors, etching last. The decay in integrated G and D band intensities is tracked and fit reasonably well 1
with biexponential decay. The RBM evolution is better represented by a single exponential. All bands

Intensity (arb. units)

are fit to activation plots with RBMs showing significantly different rates.
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epending on the situation, the com-
bustion of carbon nanotubes (CNTs)

in air can be either detrimental or

useful. In synthesis, it can inhibit or counter-
act growth, and in devices it can limit
operating currents and temperatures. Con-
trolled, it is a powerful chemical tool that
plays a role in CNT characterization, structure
modification, and puriﬁcation.“7 There has
recently been a resurgence of interest in the
manipulation of nanotube populations via
oxidation. In this work we will show evidence
obtained by in situ Raman tracking that com-
bustion is type selective, with potential appli-
cations for preparing semiconductor-rich
nanotube ensembles. In situ Raman provides
a unique window on the dynamics of the
process, allowing one to track the evolution as
it happens and observe trends that might be
difficult to detect in static ex situ measurements.
Before discussing our experiments, we
briefly review aspects of nanotube oxida-
tion and purification. Oxidation is routinely
used to characterize CNT purity. The mass
and chemical characterization of CNTs and
composite materials are commonly studied
by techniques such as thermogravimetric
analysis and differential thermal analysis,
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which can involve thermally oxidizing these
samples in air*®#7'2 It is also common to
thermally oxidize CNT material in air or
oxygen in order to remove defective carbon
coatings, expose and/or remove catalyst
particles following CNT synthesis, or other-
wise modify non-CNT structures in the
sample.”'%'37'8 More generally, gas-phase
oxides are frequently used to chemically
alter the outcome of a number of CNT
growth and separation practices.'>'+17 23

Perfect chirality control in nanotube syn-
thesis has not been achieved. However,
postprocessing separation and purification
processes have been remarkably successful,
encompassing an enormous variety of tech-
niques of different yield and complexity.>*
Solution-based sorting is extensively studi-
ed, being potentially very high fidelity,
relatively scalable, and inexpensive. How-
ever, such methods are not without weak-
nesses: they can be complicated and may
be difficult to scale, and preparation of
solutions typically damages nanotubes and
coats them with difficult-to-remove adsor-
bates. Gas-phase selectivity would have some
compelling advantages. It potentially would
not leave residues and could potentially leave
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nanotubes in a pristine state.’® Recently there has
been a resurgence of interest in oxidative etching
and its selectivity, especially with respect to semicon-
ducting or metal type.>>?° Furthermore, there is an
emerging consensus that etching plays a significant
role in selectivity in synthesis, and efforts are being
made to harness this.?>?” So one motivation to explore
gas-phase etching is that it can be naturally combined
with chemical vapor deposition synthesis.

Air etching is very simple and scalable. However, as
we will show, one drawback of air etching is that the
selectivity that is presently achievable is relative and all
CNTs are destroyed to some extent, such that a large
initial mass is required. This is less of a problem now
that high-yield synthesis is achievable. This method
might one day allow sufficient nanotube separation for
some applications. Furthermore, this drawback may
not be important if etching is integrated with CVD
synthesis.

Oxidation is well known to be effective at selectively
burning off nongraphene nanocarbons and removing
impurities while leaving behind sp? carbon. Reactivity
reportedly increases going from graphite to well-
graphitized amorphous carbon, to multiwalled CNTs,
and then to single-walled CNTs (SWNTSs).2 Fullerenes
are even more reactive than CNTs, which is attributed
to higher surface curvature.?® Defective sp>-hybridized
carbon is expected to etch faster than nondefective
carbon.®?° Furthermore, compared to graphite, oxy-
gen adsorbs onto and dopes carbon nanotubes more
easily.3® 32 Osswald et al. found that disordered car-
bon removal by air oxidation was more complete in
double-walled CNTs, compared to SWNTs.>® The con-
trolled oxidation of defective CNT walls has also been
used to selectively remove layers from multiwalled
CNTs and modify conductivity.>*

There is already evidence that separation can be
achieved by selective CNT destruction using various
gas-phase oxidants, including air,"® 0, gas,3_5'22'23
50,,> hydrogen plasma,*® methane plasma,®” water
vapor,%” and fluorine gas.® In all these studies, etching
rates were found to increase with smaller CNT diameter
(dy, although these rates were also often found to be
sensitive to CNT chirality. This diameter dependency,
also observed in solution-phase oxidation studies,3**°
is typically explained in terms of higher C—C bond
strain, resulting in higher chemical reactivity with
adsorbates.1 —6,35,37,38,41—43

While bond strain does scale with diameter to a first
approximation, it is the local curvature radius (LCR) that
determines the weakest carbon—carbon bond and
consequently is thought to be a limiting factor in
oxidative etching."** LCR is chiral angle dependent
and smallest for armchair tubes and largest for zigzags,
with the result that armchairs should be least robust.
This is despite an earlier study having ascribed faster
etching to zigzag CNTs.*° So, in terms of chirality, when
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etching with air, studies have found that etching rate
scaled directly with higher chiral angle (6) values and
explained this in terms of LCR differences."** % Miyata
et al. have explicitly modeled this rate-determining
process for chiral angle. These purely geometric argu-
ments predict faster etch rates for small-diameter
nanotubes and do not in themselves explain differ-
ences in electronic type, e.g., differing etch rates for
metallic CNTs (m-CNTs) and semiconducting CNTs
(s-CNTs). Doping, however, is expected to be as sig-
nificant a factor as chiral angle."*® More generally,
other studies have shown that chirality is expected to
have a direct effect on oxygen sidewall chemisorption
and can affect chemical reactivity in general.*’*®

Depending on the etching gas and the particular
treatment, there are already some reports indicating
that m-CNTs may etch more rapidly with gas-phase
oxidants than s-CNTs. 2367384949 |Jsing laser irradiation
in air, Huang et al. observed both the preferential
destruction of m-CNTs and high chiral angle s-CNTs.>®
Similar studies involving the light-induced selective
attack of m-CNTs have also been reported.>’*?

Very recently Lukaszczuk et al. claimed on the basis
of absorption experiments and Raman data that me-
tallic SWNTSs can be selectively etched in open air, such
that 95% semiconducting purity can be obtained.?
Also very recently, Li et al. have reported that car-
bothermic oxidation of nanotubes, obtained by oxidiz-
ing nanotubes in air under a NiO layer, results in
selective etching of metallic nanotubes.?® These excit-
ing new results with respect to type-selective oxidation
reinforce the promise of such approaches and the
value of in situ data.

Preferential m-CNT etching has been attributed to
different mechanisms in various situations. One factor is
the lower enthalpy of formation of semiconductors,*’>>
while another factor may be the presence of delocalized
electronic states and separately the smaller ionization
potential.>>?%3”8 The presence of electronic states near
the Fermi level for metals and the differences in work
function®* between semiconductors and metals are very
important for the selectivity of chemical reactions.?®>>~>’

In other studies the opposite trend, with semicon-
ductors being preferentially etched, has been ob-
served, including those involving H,O, as an
oxidant.>*>*° Kawai et al. suggests that this might be
due to the C—C bond weakening caused by hole
doping.** Theoretically, density functional calculations
have also suggested that CO, gas will preferentially
etch non-armchair CNTs.>®

In situ approaches are especially well suited to
investigating such problems, as one can actually track
the selectivity of the etching as it happens. Raman
spectroscopy is solidly established as a tool that pro-
vides detailed information about all aspects of nanotubes
and nanocarbon ensembles. In this work, as-grown
CNT films on silicon are etched in air and dynamically
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characterized using in situ Raman spectroscopy, a tech-
nique that has been used to monitor CNT growth at high
temperature.”®~® Here, samples are etched at tempera-
tures between 300 and 600 °C, and dynamic changes to
~10 radial breathing mode (RBM) peaks, each corre-
sponding to specific CNT diameter and chiralities, are
tracked at all temperatures. The corresponding spectral
evolution of the G and D bands is also tracked. At
low temperatures, we validate the finding that metallic
nanotubes etch faster, producing a semiconductor-
enriched sample, and analyze the activation profiles of
the G band, D band, and different semiconducting and
metallic RBMs. A chirality/diameter (n,m) dependence
also appears to be present, but we were unable to
match the data to a single, simple relation with chiral
angle. The etching dynamics and the Arrhenius plots of
the various modes provide insight into the possible
mechanisms of selectivity.

RESULTS AND DISCUSSION

Scanning electron microscope (SEM) images provide
a general overview of the sample and the progress of
etching. The same sample was imaged and etched in
steps to evaluate the progress of etching (Figure 1). The
technical details of the etching procedure are listed in
the Methods section. Figure 1(a) shows an SEM image
prior to etching. The CNTs form a tangled network of
thick bundles, with most bundles less than 25 nm wide
and occasional individual tubes or small bundles less
than 5 nm wide. Essentially no individual SWNTs can be
seen: all are bundled. Figure 1(b) shows an image after
30 min of etching at 425 °C. There are fewer stacks of
bundles, and the network appears less dense. Indivi-
dual bundle lengths appear similar, but the bundle
thickness may be less uniform. Some bundles appear
to be peeling off and forking into thinner bundles.
Candidates for individualized SWNTs are visible
(diameters <5 nm).

Figure 1(c) shows the corresponding image after a
total of 90 min of etching at 425 °C. The surface density
of nanotubes has decreased even more, and the
bundles are thinner, though they remain present. The
sidewalls of the forking bundles appear to be “frayed”
and more uneven, while some bundles have been
completely severed, although most bundle lengths
remain the same. The silicon substrate surface, includ-
ing the catalyst nanoparticles on the surface, is more
exposed in Figure 1(b) than at earlier etching times
such as Figure 1(a), where the mat of nanotubes
obscures the catalyst nanoparticles. Higher accelerat-
ing voltage SEM images also show the presence of
surface nanoparticles for all etching times, which
would correspond to catalyst particles.

Thus, the overall effect of the air etch is to decrease
the CNT film density and to attack along the entire
length of the bundles, not only at the end of the
bundles. A similar form of sidewall attack is described
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Figure 1. Scanning electron microscope micrographs of
sample etched in air: (a) before etching, (b) after 30 min of
etching, and (c) after 1 h 30 min of etching. The sample was
etched at 425 °C.

by Miyata et al., in which different barrier heights for
C—C bond breaking during air combustion are found
to be dependent on sidewall curvature.! Sidewall
attack due to oxidation has also been described in a
very recent transmission electron microscope (TEM)
study.®®

Transmission electron microscope images, including
high-resolution TEM (HRTEM), of a typical pre-etch
sample are included and discussed in the Supporting
Information (SI), showing a similar configuration of
primarily bundled nanotubes, with a smaller number
of isolated SWNTs. From the TEM and SEM micro-
graphs, we notice that the surface of the nanotube
bundles appears to be relatively free of any large deposits
of amorphous carbon. The HRTEM images reveal that
bundles are very clean, and isolated SWNTs appear un-
coated. There are certainly no large deposits of unstruc-
tured carbon; however, we cannot rule out the presence
of intimately associated graphitic-like coatings, which are
likely to be present at least to some extent.

In addition to TEM, X-ray photoelectron spectrosco-
py (XPS) was also performed to better characterize any
non-nanotube carbon on pre-etch samples. A typical
XPS spectrumis included in the SI. The asymmetric and
narrow 1s C peak is essentially dominated by sp?
carbon, consistent with the CNTs being relatively pris-
tine and having very limited amounts of amorphous or
defective carbon present.

The progress of the etching was tracked by in situ
Raman spectroscopy. Figure 2 shows the in situ Raman
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Figure 2. In situ Raman spectra of a sample being etched at 350 °C, displayed chronologically from top to bottom. (a) Spectral
changes in the RBM region. Spectra have been offset for clarity. Also shown are corresponding changes to (b) G and (c) D
bands. These spectra are not offset. The top and bottom dotted spectra correspond respectively to pre- and post-etch spectra
(after t = 132 min) for the sample. The corresponding Si/SiO, backgrounds are displayed in blue. In (a) spectra are shown every
4 min, from t = 4 min to t = 128 min, with air input occurring at t = 0 s (the original frames were taken with 5 s exposure every
10 s and then binned over 2 min). In (b) and (c) every spectrum is normalized to their maximum G band intensity. In (b) and (c),
spectra are shown every 16 min, from t = 16 min to t = 128 min. The Raman excitation wavelength for all spectra was 532 nm.

spectra of a typical sample etched at 350 °C. Figure 2(a)
shows the spectral region of RBMs and their time evolu-
tion in 4 min intervals. The spectra are shown in chron-
ological order, from top to bottom, with the top spectrum
corresponding to conditions before air is first flowed into
the reactor. In Figure 2(a) the spectra are slightly offset
vertically to make tracking the RBMs easier. The most
prominent RBMs appear to be visible on all samples both
at room temperature and when heated. There are
changes in peak intensity with heating, as expected
due to the softening of the modes themselves, as well
as the gradual shift in the energy of the resonant level
that occurs when materials are heated. These RBMs ex-
perience an expected® frequency downshift of 3cm ™ to
7 cm™ " with respect to their room-temperature frequen-
cies when the given sample is heated from room tem-
perature to temperatures between 300 and 600 °C.

We label nine of the most intense peaks in Figure 2(a),
namely, the peaks centered at (a) 143 cm™', (b)
171 em™, (c) 189 cm ™, (d) 216 cm™ ', (e) 228 cm ™,
(A 236 cm™, (g) 272 cm™", (h) 290 cm™', and ()
303 cm™". On the basis of peak width and asymmetry,
some of these peaks may represent more than one
RBM.® For example, peak ¢ contains at least RBMs at
187 and 189 cm ™. The intensity of peak a is reduced
due to a drop in the transmission caused by the optical
setup at this and lower wavenumbers. All RBM peaks
are superimposed on a distinctive silicon/silicon diox-
ide background signal (blue spectrum).
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As discussed, early work indicates that smaller dia-
meter nanotubes burn first, followed by large-diameter
nanotubes.>>*' Since the RBM frequency is nearly
inversely proportional to diameter, RBM peaks at high-
er Raman shift are expected to burn before those at
smaller RBM energies. This general trend does seem to
be present in our data, with, for example, peaki etching
faster than peak c. However, that is clearly only a rough
approximation, and the true evolution is more subtle
than just small diameter burning faster than large
diameter.

Most notably, peak ¢ remains resistant to etching
compared to all other peaks. So, although a large propor-
tion of the nanotubes are burned off (i.e., ~55% of the G
band intensity is lost), the residue is relatively “enriched”
with the RBM ¢ nanotubes after etching (i.e the relative
intensity of RBM ¢ has increased by more than twice
when compared to total RBM intensity).

At the outset (t = 0 s) the relative intensities of peak ¢
versus peaks e and f are comparable. However, by t =
92 min (red spectrum) peaks e and f can no longer be
clearly distinguished, while peak ¢ has undergone
relatively less etching. Importantly, the larger diameter
peak b also etches faster than peak ¢, with the peak b
shoulder having almost vanished at this time as well,
meaning that we have more than just diameter de-
pendence. A more subtle change also occurs within the
first 2 min of etching, such that the center of peak
¢ moves from 189 cm ™' to 187 cm ™' and stays there
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until etching is stopped, suggesting that two RBM
populations with similar diameters can etch at sub-
stantially different rates.

Peak g similarly appears to resist etching compared
to other peaks, albeit not as much as peak c. That is,
prior to etching peak g is comparable in intensity to
peak ¢, but after stopping the etching, peak cis at least
twice the intensity of peak g. More generally, peaks dto
fappear to etch faster than the smaller diameter peaks
g to i, while both of these groups etch faster than peak
¢. Again, pure diameter dependence cannot explain
this group behavior.

Assignment to chiralities can be performed with
reference to a Kataura plot. Most of the pre-etch RBM
peaks at room temperature remain clearly visible as the
samples are heated to their etching temperatures, so
despite changes to peak intensity and frequency, chiral
assignments made at room temperature and etching
temperatures are essentially the same.®” For small-
diameter nanotubes there are only a few possible
chiralities, and above ~250 cm™" a robust assignment
is possible. At smaller Raman shifts the assignment can
only be tentative. However, the peaks can be naturally
grouped into semiconducting and metallic types; see
SI for details. Qu et al. applied a similar grouping
technique when analyzing the selective growth of
s-CNTs vs plasma CVD.5° From the Sl it is very likely
that peaks g to i correspond to semiconducting (Ex,°
excitonic transition energy) species, with the most
likely chiral assignments being g 272 cm™' (8,4), h
290 cm ™' (9,2), and i 303 cm™' (6,5). Peaks d to f
correspond to metallic (E;;™) species, with some pos-
sible chiral assignments being d 216 cm™' (8,8), (12,3),
or(13,1),e228 cm™' (9,6), and f236 cm ™' (10,4). Peaks
b and ¢ correspond either to metallic (E;;") or semi-
conducting (Es5°) species, and chiral assignments are
uncertain because of the crowding of different possi-
bilities in the Kataura plot. However, the resistant peak
¢ could very well correspond to (16,0), a semiconduct-
ing zigzag species. The low-intensity peak a corre-
sponds to a semiconducting species: (E33°) or (Esq>).
In terms of type, it is normal for a fixed wavelength slice
of the Kataura plot to break down this way, with metallic
peaks in the middle and semiconducting peaks on
either side. This assignment suggests that the SWNT
populations that etch the fastest correspond to metallic
species.

Further information about the evolution of the en-
semble comes from the G and D band evolution. Both
bands decrease with time as material is etched away.
Changes to the G and D bands for the sample etched at
350 °C are shown in Figure 2(b,c). Spectra are shown at
16 min intervals, and all spectra have been normalized
to a peak G band intensity of unity.

The G band line shape contains information about
diameter and metallicity (i.e., semiconductor/metal
ratios). The G band for a single nanotube is made up
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of a G+ at around 1590 cm™' and the G— at smaller
Raman shifts, and ensembles such as these are a
superposition of many individual G+ and G— peaks.
The G— peak position is diameter dependent and can
be used in an analogous way as the RBM to determine
diameter.”®”" The further to the left the G— is, the
smaller the CNT diameter. However, unlike the smaller
energy RBM modes, the G— to G-+ spacing depends on
whether the tubes are metallic or not. For a fixed
diameter, a metallic G— is approximately twice as far
in energy from the G+ for a semiconductor.”"”2 A 1 nm
diameter semiconducting nanotube has a G— at about
1550 cm~',”° whereas a metallic tube of the same
diameter is at about 1510 cm™'.”""2 The resonance
window for G bands is broader than for RBMs (about
300 meV compared to about 100 meV),”® meaning that
resonance conditions are not as strict for G bands.

The G+ band is the strongest peak in Figure 2(b),
and normalized to its peak intensity, it appears to show
essentially no change, apart from its initial 2 cm™'
downshift. The G—, on the other hand, changes sig-
nificantly. In the G—, there is a gradual loss of intensity
for small wavenumbers (below ~1555 cm™"), suggest-
ing a decrease in smaller diameter nanotubes. But this
loss also indicates a change in metallicity. Importantly,
below about 1490 cm™" there is practically no con-
tribution from semiconducting nanotubes, as they
would be smaller than 0.5 nm in diameter and so
would not be stable.”®”" Therefore, any G— intensity
to the left of this point can be attributed only to metallic
nanotubes. There is a substantial loss of spectral inten-
sity in this region. Furthermore, the decrease is relatively
uniform from 1425 cm ™' to 1525 cm ™. This suggests
that the etching throughout this region is primarily
metallic etching over a broad range of diameters.

The loss in G— broadness is consistent with the RBM
region loss of peaks e and fif they are metallic peaks, as
proposed. The loss in lower frequency G— peaks is also
consistent with the initial loss of small-diameter nano-
tubes present in the RBM. The G— band evolution is an
independent line of evidence that supports the con-
tention that the air has preferentially etched metallic
nanotubes. This is in contrast to the very recent
selective oxidation report of Lukaszczuk et al., where
there is little obvious change in the G— features.?> The
reason for the apparent lack of G band evolution in
their work is not entirely clear; certainly the G band
shape should change if the semiconductor to metallic
ratios changes, provided both types are resonant. By
contrast, studies involving the etching of m-SWNTs
using microwave irradiation with mixed-acid-assisted
dispersion’® as well as fluorine gas®® and oxygen
gas® did show a significant change in G— structure,
as expected. Also, unlike the work of Lukaszczuk et al.,
we never observe the reappearance of new small-
diameter, semiconducting RBMs, an intriguing out-
come of that work.
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The D band gives information about the evolution of
crystallinity and the degree of bundling. In Figure 2(c)
the D band evolution is shown normalized to the G
band peak intensity. Over the entire 132 min etching
time, the D/G ratio drops by about a factor of 2, likely
indicating that the crystallinity of the remaining
nanotubes is higher than the starting material, as
expected.*® The time evolution of the D/G integrated
peak intensity ratios for samples etched at different
temperatures is given in the SI. Lower, improved D/G
ratios can be obtained by etching the samples longer.
For example, for the 350 °C sample, the initial D/G is ca.
0.12, and this value falls to D/G ~ 0.08 when 50% of the
carbon is etched, as estimated by the reduction in G
band intensity.

In Figure 2(c) the D band is composed of at least two
peaks centered at around 1324 and 1355 cm™". These
likely correspond to bundled versus unbundled nano-
tube populations, respectively, although for isolated
SWNTs the D band has been seen to be somewhat
sensitive to CNT diameter.”* Since the scaled D band
line shape changed little over the course of the etching
and shows only a gradual shift in spectral weight to
small Raman shifts, this implies that the amount of
bundling has not changed significantly and has prob-
ably not had a significant effect on D/G ratio.

A separate example of etching performed at a higher
temperature, in which the sample is more completely
etched, is shown in the SI. At late times even the etch-
resistant bands are destroyed, which indicates that
there is a compromise between selectivity and yield,
and the best situation will be obtained at some inter-
mediate amount of etching. However, because a more
complete etching is achieved, the defect density is
reduced significantly. The D/G ratio continues to drop
below even 1% of its initial value, although the G band
is still easily detectable. The G band line shape is
indicative of large-diameter semiconducting nano-
tubes remaining at the end. Partial etching in this
way is therefore usable to obtain highly defect free
large-diameter SWNTs.

More generally, there appears to be little or no
change in the amount of type selectivity or species
selectivity over the range T = 300 to 400 °C, for a fixed
amount of G band etching. Thus a wide temperature
range is usable for this type of selectivity, with mainly the
rate increasing as the temperature is increased. Above
400 °C, the evolution seems similar; however the changes
take place too fast and our data were not good enough to
determine convincingly whether or not the degree of
selectivity had changed at these high temperatures.

Room-temperature Raman spectra provide another
perspective on the changes caused by air etching.
Figure 3 shows the room-temperature spectra of a
sample that was etched at 550 °C, such that the pre-
etch (black) and post-etch (red) spectra are displayed.
A scaled-up version of the post-etch spectrum (green)
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Figure 3. Room-temperature pre-etch Raman spectra
(black), with corresponding post-etch (red) spectra and Si/
SiO, background (blue). The (a) RBMs and (b) G and D bands
are shown. The intensity is normalized so that the pre-
etched maximum G band peak intensity is unity. The post-
etch spectrum is also shown normalized to the post-etch G
maximum (green). The peak on the blue, green, and red
curves near 300 cm ™' is from the substrate. The sample was
etched at 550 °C (with 6 x 5 s exposures).

is also shown, such that the G+ matches that of the
pre-etch spectrum in order to contrast the change in G
band structure. Prior to etching, most of the RBMs
visible at high temperature remain visible at room
temperature, although they are shifted and at different
relative intensities. As indicated in Figure 3(a), we have
al145ecm™, b 177 cm™", ¢ 192 ecm™', d 217 cm ™,
e 230 cm™ ', f 236 cm™' (possibly at 242 cm™),
g273cm™ ", h290 cm™', and i 307 cm . After etching,
only RBMs lower than 200 cm ™" (peaks a, b, and ) are
still abundant. The peak at 300 cm™' is substrate
related. This sample was so completely etched that it
is difficult to assess the selectivity from the RBM
spectra. Here, the small-diameter semiconductors have
been etched away along with the metallic nanotubes.
Semiconducting nanotubes are still present, but they
are at the same time large-diameter nanotubes.

The G band area in Figure 3(b) reveals more informa-
tion. Initially, relatively distinct G— peaks can be identified
at 1504, 1523, and 1540 cm ™. The 1540 and 1523 cm™"
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peaks are probably semiconducting, while the
1504 cm™ ' peak is probably metallic (see Sl for details).
More G— peaks are present but cannot be directly
identified due to overlap. Below ~1500 cm ™", however,
this overlapping signal is due almost entirely to m-CNTs.”!
After etching, the three distinct peaks also entirely
disappear, while a possible doublet peak composed of
1562 and 1570 cm ™ is revealed. These two peaks are
very likely semiconducting and were obscured, presum-
ably by large-diameter metallic G— peaks that have been
etched away. They probably correspond respectively
to the same species producing the RBM ¢ and b peaks
(see Sl for more information). The loss in the overall Breit—
Wigner—Fano (BWF) line shape, an asymmetric line shape
thought to be characteristic of metallic nanotubes, is
apparent. Here again the G— band evolution provides
an independent line of evidence for metal-specific etch-
ing. The G+ peak also narrows from 3.2 meV to 1.8 meV
(ie, full width at half-maximum), probably representing
the narrowing distribution of nanotubes.

The D band intensity falls dramatically, with the D/G
ratio falling from Ip/Ig = 0.26 to Ip/lIg = 0.01. This drop
likely corresponds to the well-established and ex-
pected oxidation of defective and/or amorphous
carbon and resulting improvement to CNT sample
crystallinity.2>33%" The D band line shape before, dur-
ing, and after etching is compared in the SI. Again, we
observe no clear change in D band structure.

Exposing the samples to ambient air during the
etching process is expected to p-dope the CNTs, so it
is also important to distinguish which Raman spectral
changes are due to doping and which are due to
material loss via etching. In particular, oxygen gas
and water vapor are known to affect the electrical
characteristics of CNT devices, and the presence of
oxygen gas has been used to tune the band gap of
s-CNTs.”> Additionally, if substantial doping does occur,
we expect the Kohn anomaly resulting from electron—
phonon coupling in m-CNTs to be affected.”®”” Due to
this effect, different levels of doping have been shown
to change the G— width of m-CNTs, so it would be useful
to distinguish whether the change in G— shape we
observe is primarily due to this effect or preferential
metallic destruction.

To determine the amount of doping occurring dur-
ing exposure to air in our samples, we compare our
spectra to the work of Kavan et al., which shows how
the typical electrochemical doping of both metallic
and semiconducting CNTs causes the Raman intensi-
ties of RBMs and the G band to fall in intensity and
shift.”® Depending on the applied voltage, doping was
found to either fill or deplete the peaks in the density of
electronic states of s-CNTs and m-CNTs. Some irrever-
sible oxidation was found to occur at large positive
potential (>1.2 V), with the largest losses in G+ intensity
accompanied by upshifts of up to ~20 cm™' and RBM
upshifts of up to ~5 cm "7

LI-POOK-THAN ET AL.

In the present work, throughout all our etching
temperatures, no substantial shifts to G+ frequency
are shown to accompany G band intensity loss, such as
in Figure 2(b). Likewise, no shifts to RBM frequencies
were observed to occur simultaneously with falling
RBM intensities. It therefore seems likely that the
majority of the observed Raman intensity loss is due
to nanotube destruction instead of doping effects,
especially for small-diameter RBMs.

It is also notable that, at low etching temperatures
(T < 400 °C), the intensity drop can occur over a period
of several hours. Unless there is a high barrier for the
doping, which would not be the case if it requires only
physisorption, for example, one might expect the time
scale of doping to be much faster. We do observe a
very small, 1—2 cm ™' downshift of some RBMs imme-
diately after exposure to air, and this could be doping
related; but this change occurs during the first seconds
of a run and is unrelated to the large drops in Raman
intensity during etching. Additionally, given the un-
ambiguous loss in BWF character after etching, accom-
panying loss in G+ intensity and the fact that we start
with a significant amount of s-CNTs prior to etching, it
seems unlikely that line width changes can be ex-
plained by doping.

We attempted to explore type and chiral selectivity
using ex situ multiwavelength Raman at 514, 633, and
785 nm for the 400 °C etched sample, before and after
etching. The data are not obtained in situ and come
from different areas of the same sample. We only have
a snapshot at some location after a fixed amount of
etching. Definitive (n,m) assignment of the RBMs re-
mains difficult, although a larger population of CNTs
resonant at different wavelengths is examined. Effects
beyond diameter, presumably related to chiral angle,
are blatant, with several examples of close neighbors in
diameter etching at different rates. However semicon-
ductor versus metal type selectivity proved difficult to
verify, mainly because the resonant nanotubes at 633
and 785 nm turned out to be primarily semiconducting
to begin with, but there are some specific examples of
faster etch rates for peaks that could be tentatively
assigned to metallic peaks. A detailed discussion is
included in the SI. Here we provide a brief summary
with respect to type selectivity.

The results at 514 nm were for the most part similar
to 532 nm. At 514 nm (see SlI), RBM g is probably
semiconducting, and peaks h to k are probably metal-
lic. Since it is a larger diameter, the relative robustness
of peak g might be consistent with semiconductors
resisting etching more than metallic. The G— line
shape loses its metallic BWF line shape and appears
more semiconducting. Finally the 2D band, which is
initially split into two peaks, retains only the large-
frequency peak. This could have various causes, but
speculatively might be because a metallic 2D peak is
lost or due to the loss of certain CNT diameters.
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Interestingly, RBM i resists etching, yet our most likely
assignment for it is metallic. A possible assignment for
this peak is to the (8,8) species, despite armchair
nanotubes being expected to etch rapidly.*®

At 633 nm (see SI) RBM e is more resistant to etching
than RBMs ¢ and d, despite being a smaller diameter
nanotube. This might be because e is semiconducting,
and a reasonable assignment is that ¢ and d are
metallic. Chiral angle dependent rates are clear be-
cause g, h, and i are very close in diameter (and Raman
shift), yet h etches slowly, while g and i etch quickly.
Changes to the semiconducting/metal character of the
G— are not clearly visible here at 633 nm.

At 785 nm (see SI), RBM d is a semiconducting
nanotube and is quite resistant to etching. Some
RBM peaks appear to etch faster and can be assigned
to metallic tubes, but there are also possible semicon-
ductor assignments as well. After etching, the G— band
is characteristic mainly of large-diameter semiconduc-
tors and arguably may have lost some metallic char-
acter, but this change, if real, is subtle at best. We
conclude that the ex situ measurements do not dis-
agree with the in situ data, but nor do they demon-
strate clear type selectivity.

The in situ data also allow us to explore the dynamics
of etching, and this was also characterized by extract-
ing the integrated intensities of in situ Raman bands as
a function of time for various temperatures. A chal-
lenge for such measurements is background subtrac-
tion, which can be a large source of error in the
evolution curves. For background subtraction, we em-
ployed a simple trapezoidal background correction
algorithm, described in previous work®® and illustrated
in the SI. As described above the integrated intensities
were further normalized against the first-order Si band
to compensate for any drift in illumination intensity
or collection efficiency. This is a good approach as long
as the film is very transparent. In Figure 4, the G
(consisting of both G+ and G—) and D band evolution
is presented with the integrated intensity normalized
so that its initial intensity is unity. The change in
resonance window for 300 °C is small (kg7 ~ 0.03 eV)
and comparable to a 6 nm decrease in incident
wavelength.

We also analyzed RBMs in this way, and the results
are broadly consistent with the preferential etching of
metallic nanotubes, but the background subtraction
for RBMs is much less robust than for G and D bands
because of the uneven background in the RBM spectral
range (see SI). This means that the quantitative evolu-
tion of the extracted intensities faithfully represents
the G and D bands, but is less certain for the RBM
bands. The trends in the evolution curves with tem-
perature are smoothly varying. We note that one curve
does not fit perfectly in Figure 4, namely, the sample
etched at 500 °C (open squares). This is because this
sample was grown in a different batch of samples with
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Figure 4. Time evolution plots of the integrated Raman
intensities for the (a) G band and (b) D band at different
etching temperatures. The samples are etched at 50 °C
increments from 300 °C (top) to 600 °C (bottom). The 500 °C
sample had a lower pre-etch Ip/Ig ratio. Spectra have been
scaled with respect to the first-order Si intensity of the
substrate in order to reduce the effect of mechanical drift on
the Raman signal and normalized to 1 at t = 0.

a somewhat lower starting D/G ratio and different
starting RBM intensities than the other samples, which
affected the evolution at late times. Despite this differ-
ent initial state, it does fit the general trend very well at
early times.

Across all temperatures, D band etching occurred
more rapidly than G band etching, and as expected, all
etching rates increase with temperature.

None of the G band and D band evolution curves
could be fit with a single-exponential decay function.
There are at least two etching phases in each curve.
Therefore, as shown in Figure 5(a) for the T = 450 °C
etch, biexponential decay (light gray) does fit reasonably
well. One fast (wine) and one slow (violet) exponential
function are fit, such that the scaled intensity /(t) is /() =
lfast + lslow = Afast exp(ft/‘[fast) + Aslowexp(ft/fslow): where
Atast and Agiony are proportionality constants, Tr,s and Tgow
are time constants, and t is the time elapsed from when
air input begins. For the T = 300 to 600 °C samples, Tow
varied from 16900 s to 250 s and 7, varied from 1200 s
to 35 s for the G bands. For some etching temperatures,
the fast etching phase may actually contain more than
one exponential, so the biexponential fit is only an
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Figure 5. (a) Typical biexponential fit (light gray) of the G band signal (black, normalized to the Si intensity) for the 450 °C
etched sample. Slow (violet) and fast (wine) decay components are indicated. The respective time scales for the slow and fast
components are 7 = 3203 + 25 sand 7= 188 + 3 s. (b) Comparison of G band decay: Total G band signal (black) versus metallic
G— signal (wine, from 1456 to 1476 cm ') and G-+ signal (violet, from 1565 to 1585 cm ) for the 450 °C etched sample.
Corresponding (c) RBM and (d) D and G spectra for each of the 10 etching times shown in (a).

approximation, although for other temperatures the fit
was excellent. Also, for comparison with total G band
evolution, Figure 5(b) shows the evolution of the low-
frequency, metallic G— peaks from 1456 to 1476 cm ™'
(wine triangles) and that of the G+ peak from 1565 to
1585 cm™ ' (violet triangles). As expected, the metallic
peaks decay more rapidly.

There is some evidence that the fast and slow
components represent different nanotube popula-
tions. Spectrally, as seen in Figure 5(b) and (c), by the
time when I;,¢; drops close to 0 (i.e., at point (vi)), in all
samples, RBM c is the dominant peak and, assuming
that G band contribution from non-CNT sources at this
stage of the etch is low, I,y at least roughly tracks the
decay of RBM c. After I, drops close to 0, the G line
shape appears much more stable, indicating that the
majority of metal etching has already occurred during
this first etching stage. It follows that the amount of
metal/semiconductor etching can be optimized by
stopping air input at different times. Roughly speaking,
one can conclude that the fast component corre-
sponds to the phase when the G band narrows most,
and many species are selectively lost in the RBM region,
while the slow component corresponds to the phase
when the remaining G band and RBM band intensities
simply decrease uniformly.

LI-POOK-THAN ET AL.

Our samples are highly bundled, so we should
consider what effect bundling has on the kinetic
Raman spectra and the observed fast and slow com-
ponents. While the fraying of bundles observed in SEM
may indicate that air is still efficiently getting to the
core of the bundles, it is still possible that outer CNTs
will etch before the inner CNTs and protect them to a
degree. In CVD growth, the a priori expectation is that
chirality, diameter, and metallicity of individual CNTs
are randomly distributed within the bundle, with bun-
dle formation occurring well after CNT nucleation. It is
therefore unlikely that distinct inner and outer CNT
groups within a bundle are directly responsible for the
fast and slow components. This random CNT distribu-
tion within the sample should actually decrease the
amount of etching selectivity, since some portion of
the protected inner CNTs would consist of otherwise
etch-susceptible species. More generally, CNT bundles
and surface CNTs are not well organized on the sub-
strate. So, the chirality and type dependence of etching
should be enhanced for debundled and individualized
nanotubes.

Debundling caused by etching may directly impact
the resonance windows of different CNTs. Additionally,
bundle thickness is expected to affect overall G
bandwidth.”® However, at all etching temperatures,
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we do not see any significant shift in the RBM, G—, or
G+ frequencies, which would indicate that a signifi-
cant change to strain induced by debundling has
occurred.® If anything, based on the aforementioned
SEM images in Figure 1 and lack of D band shift, there
appears to be minimal debundling, and few individual
CNTs are visible once the fast component has fallen to
zero and selective etching has already occurred.

One complication in trying to understand the time
evolution is that at high temperatures the etch rate
becomes so fast that it is no longer possible to ignore
the time it takes to change over the gas composition
from reducing to oxidizing. The chamber has an inter-
nal volume of ~29 cm?, and the supply lines have a
volume of ~4 cm?. The air is introduced at a flow rate of
16 sccm, meaning it should take a time scale on the
order of 90 s to turn over the gas composition. Such
effects do not explain the biexponential, however, as
they should be negligible at low temperatures because
of the slow etch rate. Furthermore, one would expect
the presence of the purge gas transient to decrease the
etching rate, instead of increasing it, as observed here.
However, for the fastest etching rates, it is clear that
one has to view the gas concentration as ramping up
during the etch. For the highest temperatures, it is not
a good approximation to view the gas concentrations
as static.

Since the 1/7 values are simply rates, the tempera-
ture dependence of these etch rates can be plotted in
an activation plot as shown in Figure 6. The slow (black
squares) and fast (red squares) G band etch rates are
activated with energies 0.67 4- 0.05 and 0.50 £ 0.12 eV,
respectively. That is, given the large uncertainty they
are barely distinguishable, if at all, in activation energy.
The slow (blue triangles) and fast (green triangles) D
band etch rates are activated with energies of 0.79 +
0.13 and 0.58 + 0.13 eV, respectively. Given the large
uncertainty, these too cannot be meaningfully distin-
guished. These energies are of the same order of
magnitude for activation energies obtained in studies
involving the etching of graphitic carbon®?° If the fast
and slow modes correspond to different populations, the
difference in etching activation energy for these popula-
tions was too small to measure in our experiment.

As described in the SI, as an alternative to fitting
biexponentials for the entire duration of the G and D
band evolutions, one exponential could be fit at early
times and one exponential could be fit at late times.
Using this method, activation plots for the fast and
slow phases for the G and D bands were also obtained.
These energies are similar to the results obtained from
the biexponential fits, indicating that the biexponential
function reasonably approximates G and D evolution.

It is possible to extract and analyze certain RBM
evolution curves and extract different activation en-
ergies, similar to what was accomplished for the G and
D bands in Figures 5 and 6. Depending on RBM peak
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Figure 6. Activation plots for the G band slow (black square)
and fast (red square) 7 values and for the D band slow (blue
triangle) and fast (green triangle) 7 values. Activation en-
ergies are taken from the slopes of the four linear fits (lines)
and are listed in the main text.

intensity, spectral background intensity, and etching
rate, it was not possible to obtain evolution curves for
all RBMs. However, curves from peaks b, ¢, e, f, and g
identified in Figure 2 could be tracked over a variety of
temperatures, with Figure 7(a) displaying the 350 °C
etching case. Due to overlap, the intensities of peaks e
and fwere combined. Unlike the G and D bands, all the
RBM curves can be roughly fit with a single-exponential
function, with the assigned metallic e and f peaks (blue)
etching rapidly and peak c (red) being the most resistant.
Keeping in mind that the resonance window of the G
band is larger than that of the RBMs, slow G band decay
generally corresponds well with the decay of peak c,
while fast G band decay may correspond with the
averaged decay of the remaining RBM peak populations.

Some RBM-activated plots are shown in Figure 7(b).
Note that due to the large signal-to-noise ratios of the
RBMs, the energy uncertainties are larger than those of
the G and D bands. The energies for peaks b, ¢, and g
and the combined peaks e and f are respectively found
to be 1.19 4+ 0.69, 0.99 + 0.23, 0.78 4+ 0.20, and 0.72 +
0.20 eV. Therefore, while the energies for the larger
diameter peaks b and ¢ may be larger than those of the
other RBMs, the RBM energies cannot be meaningfully
distinguished from each other or from the energies of
the G and D bands, despite the substantially different
etching rates of different RBMs.

This raises an interesting point about the mechan-
ism of selectivity. One model is that selectivity in
oxidation rates arises from different activation barriers.
This may be true in some cases, and we may simply
lack the energy resolution in the current experiment.
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Figure 7. (a) Typical exponential fits (violet lines) of RBM band signals during etching at 350 °C. RBMs at 177 cm ™' (“peak b”,
orange), 192 cm ' (“peak ¢”, red), and 273 cm ' (“peak g”, green) are shown. The intensities of the RBM signals at 230 and
236cm™! (“peaks e and ', blue) have been combined. All signals are scaled to the Si intensity and normalized to 1 at t = 0. (b)
Activation plots for the four RBM groups identified in part (a). Activation energies are listed in the main text.

However, this does not explain peak ¢ in Figure 7,
which etches much more slowly despite having a
similar activation energy to the others. So at least in
this case, this is evidence that selectivity is determined
by the prefactor in the Arrhenius equation and not the
activation energy factor.

One interpretation may be that fast etching nano-
tubes, which we suppose are metallic here, effectively
have a higher molecular collision rate. Speculatively,
this might be explained by the relative delocalization
of metallic electrons on m-CNTs®' or possibly by the
higher polarizability of m-CNTs, which increases the
magnitude of van der Waals interactions,* resulting in
a larger effective cross-section. Another possibility is that
metallic species are more sensitive to defects formed
during growth, resulting in greater reactivity.2>%*

Mechanisms of selectivity related to the electronic
density of states near the Fermi level for m-CNTs are
also often used to explain enhanced metallic etch
rate.?>388> For example, An et al. have attributed the
selective reactivity of diazonium reagents with m-CNTs
to the stabilization of a charge-transfer complex
formed at the metallic density of states.®** Likewise,
the preferential etching of m-CNTs with methanol has
been linked to the lower ionization potential of
m-CNTs.2¢ Independent density functional theory cal-
culations have shown that semiconducting single-
walled nanotubes have a lower heat of formation,>®
while unique impurity states near the Fermi level of
m-CNTs act as a strong scattering center,?” both of
which result in m-CNTs being more reactive than
s-CNTs.>” Additionally, it is known that the atmospheric
oxygen and water can cause charge transfer and
trapping, which can affect the behavior of s-CNT and
m-CNT devices differently.”®

It is important to note that our samples have cobalt
catalyst present. Cobalt oxides might also play a similar

LI-POOK-THAN ET AL.

role to the nickel oxides in the carbothermic reaction
very recently reported by Li et al., and the mechanism
of selectivity may be similar in that case.?® Catalyst
particle shape®® and catalyst reduction potential®®2”%°
may be important factors.

Recently there has been discussion that growth rates
might be proportional to chiral angle.5%*° If that were
true, one might imagine that etch rates could also be
proportional to chiral angle, and there is evidence for
such scaling in air etching studies.'*° Note that this is a
different argument than the local curvature radius
limiting etch rates, which implies a specific, but differ-
ent chiral angle dependence. The argument for growth
rates proportional to chiral angle hinges on the gra-
phene edge step density scaling with chiral angle. In
etching this would be relevant if it took place from the
end only. Very recent observations of oxidation in aberra-
tion-corrected environmental transmission electron mi-
croscopy show, however, that etching proceeds by
attacking sidewalls more commonly.®® Although oxida-
tion is in some ways the opposite of growth, it would
appear that the time reverse of the growth model does
not match the oxidation dynamics, at least in our case.

The local curvature radius model might explain
some of the data. Here, there are a large range of chiral
angles visible in the RBM and/or G— spectra. However,
we do not generally observe large variations in etch
rate due to chiral angles when we make a tentative
assignment. For example, large and small chiral angles
are present in RBMs g to i, but we do not observe any
large difference in etching behavior within this group
(see SI). Bundling, too, may be a factor here, since
the inner nanotubes are protected from gas exposure
to at least some extent, which would weaken any
specific chirality dependence. If that is the case, one
should expect better selectivity from more debundled
samples.
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In general, assigning chiralities to large-diameter
nanotubes via Raman spectroscopy is prone to error.
It is possible that the etch-resistant RBM ¢ corresponds
to the semiconducting zigzag (16,0) species. This as-
signment would be compatible with a chiral angle
determining the etch rate. However, there are many
equally plausible assignments for that peak. Moreover,
other near-zigzag peaks at small diameter can be
assigned, and they do not show significantly slower
etch rates. Therefore, we could not find clear evidence
of the simple chiral angle rate dependence suggested
by the local curvature model. If there is a simple chiral
angle dependency, it is perhaps masked by semicon-
ductor/metal type dependences and by bundling.
Certainly, however, the trend of small-diameter nano-
tubes being etched first is clear.

CONCLUSIONS

To summarize, our in situ Raman spectroscopy gen-
erally supports the idea that etch rates are faster for

METHODS

Etching was tracked by in situ Raman spectroscopy as follows:
samples, consisting of chemical vapor deposition produced
nanotubes grown from cobalt thin film catalyst on thermally
oxidized silicon wafers, were cleaved into 3 mm x 3 mm square
pieces and loaded into a miniature hot-walled chemical reactor
(Linkam CCR1000). A custom-built Raman spectroscopy system
was used to monitor the sample in situ as described in previous
work.2>?" The reactor was purged in 2% H./Ar at 16 sccm and
heated to a fixed temperature between 300 and 600 °C. Etching
was initiated by pumping ambient room air with a diaphragm
pump into the reactor at a flow rate of 16 sccm, and air flow was
maintained for a matter of minutes or hours, depending on the
etch rate. After etching, the reactor was again purged with Hy/Ar
at 16 sccm and cooled to room temperature.

Raman spectroscopy was performed on all samples before,
during, and after etching, always using the 532 nm laser line.
Focusing conditions are important. To avoid laser heating the
beam was defocused to a narrow elliptical spot roughly ~50 um
long and ~5 um wide, with incident power ~1 mW using a 50 x
long working distance objective. A spatially extended spot
provides a stronger Raman signal than would be obtained from
a point, while minimizing local heating. Given the lack of a
noticeable frequency shift of the Raman first-order Si band and
the carbon-related bands, local sample heating due to the laser
is estimated to be less than ~25 °C. Second, small spatial drifts
in the z (focusing) direction can cause large drifts in the
collection efficiency, and so cause artifacts in the evolution
profile. To compensate, we used a separate imaging arm®%°
built into our Raman system. This arm was used to continually
refocus the laser spot between acquisitions of spectra to
compensate for any drift. Furthermore, the nanotube layer
was thin enough to be transparent, and we normalize the
nanotube-related bands to the substrate silicon first-order band
to cancel out small drifts. The result was that very smooth and
reproducible evolution curves could be extracted.
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small-diameter nanotubes. However this is only the
beginning of the story. Subsets of the population
persist longer than other species. Chiral angle effects
are clearly present, but there is also evidence for type
dependence. In particular, the in situ data are consis-
tent with m-CNTs etching more rapidly than s-CNTs,
and this is manifested in a biexponential of G band
intensity. Extracted activation energies appear largely
independent of tube chirality, leading to the conclu-
sion that differences in etch rates are predominantly
determined by other factors such as cross-section.

This selective etching approach, while suffering from
the drawback of destroying a lot of material, is very
simple and scalable and would be particularly inter-
esting to integrate with gas-phase synthesis. With
further study, it could have the potential to be used
as a tool to produce semiconductor-enriched samples,
while improving crystallinity. In situ tools such as in situ
Raman can help test the mechanism of selectivity and
help to optimize selectivity.

of sample etched at T =400 °C. Background correction illustra-
tion. Comparison of D band line shape for sample etched at T =
550 °C. XPS spectra of pre-etch material. This material is
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