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ABSTRACT: As gas-phase etching has become an important
method to obtain single-walled carbon nanotubes (SWCNTs)
with speciﬁc electronic structures, numerous etchants were
studied in the past decades. However, the understanding of the
dynamic process as well as the etching state is still limited.
Herein, we investigated the etching process of SWCNTs at the
level of the individual tube in real time using an improved
polarized optical microscope equipped with a miniature
chemical vapor deposition (CVD) system. Experiments showed
a universal etching behavior in a SWCNT oxidation process
under diﬀerent etchants (O2, H2O, and CO2), that is, the
random appearance of etching sites and the self-terminating phenomenon. We built a new etching model at the level of the
individual tubes to describe the etching rate. Based on this model, a new constant R, the ratio of etching rates between metallic
and semiconducting SWCNTs, was deﬁned to describe the etching selectivity. Optical spectroscopy was used to identify the
chirality of SWCNTs, and it was found that the etching selectivities followed the order: H2O (R = 17.1, 850 °C) > CO2 (R = 3.6,
850 °C) > O2 (R = 1.2, 610 °C). Field eﬀect transistor (FET) performance of the SWCNT arrays also veriﬁed the statistical
results.

1. INTRODUCTION
The single-walled carbon nanotube (SWCNT) material system
is one of the most promising material systems because of high
carrier mobility,1,2 large current carrying capacity,3 and ballistic
transport eﬀect.4,5 Recently, the successful fabrication of
transistors with 5 nm gate lengths based on individual
SWCNTs further veriﬁed its enormous advantages in
continuing Moore’s Law.6 In order to build large-scale
integrated circuits, the pursuit of a high purity semiconducting
SWCNT (s-SWCNT) array is growing rapidly. Over the past
decades, researchers have presented numerous strategies to
achieve this goal,7,8 including direct growth methods by
designing catalysts,9−11 adjusting the category of carbon
sources,12 as well as postprocessing methods to eliminate
metallic SWCNTs (m-SWCNTs) with covalent modiﬁcation,13,14 radiation,15,16 electrophoresis,17,18 density-gradient
ultracentrifugation,19,20 Scotch Tape,21 and SDS assistance
ultrasonication.22
Among the above methods, gas-phase etching is of special
interest as an ex-situ etching method, for its less chemical
decoration or defects on SWCNTs. In the past decades, various
gases have been used ex situ as etchants, including O2,23−25
H2,26,27 H2O,28−30 CO2,31 O3,32 SO3,33 etc., which showed
good performance for selective removal for m-SWCNTs or sSWCNTs. It is noteworthy that gas-phase etching methods
decoupled the growth and separation process, which allows
© 2017 American Chemical Society

researchers to obtain SWCNTs with high purity as well as high
density. Until now, most of the work only speculated the
possible etching mechanisms according to the experimental
results, as no direct images could show the SWCNT etching
process clearly. Comparing to ex-situ measurements, in-situ
technologies are more suitable to track the SWCNT etching
process in real time, such as in-situ Raman spectroscopy,34−36
in-situ environmental transmission electron microscope
(ETEM),37 and environmental scanning electron microscope
(ESEM).38 However, certain improvements are needed in the
above in-situ methods, including the direct correlation of
experimental observations to the speciﬁc structures of
SWCNTs, the ruling out of the external disturbance of an
electron beam or laser heating, and the improvements of time
resolution or scanning area. Recently, optical imaging methods
have been utilized to observe SWCNTs with large area.39,40
Our previous work showed that the etching of SWCNTs in air
exhibited a random mode, diﬀerent from earlier works.41 To
further understand the etching behavior of SWCNTs, there are
still three questions to be answered: (1) Is the etching behavior
universal for all the etchants? (2) What is the kinetic etching
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Figure 1. (a) Scheme of SWCNT etching process by an in-situ polarized optical microscope equipped with a high-temperature stage. Snapshots of
optical images showing starting and ending of an etching fracture of SWCNTs. The exposure time for each frame was (b) 3 s, O2 etching, (c) 7 s,
H2O etching, (d) 7 s, CO2 etching; the fourth image taken at 1 min later. (e) Atomic models of the mechanism of SWCNTs in etching process using
O2, H2O, and CO2.

to Cu nanoparticles, and 50 sccm argon ﬂow through ethanol
bubbler was introduced to grow SWCNTs. After growth for 30
min, the carbon source was turned oﬀ, and an extra 50 sccm of
H2 was added to maintain the gas pressure. Finally, the furnace
was cooled to 800 °C for 1 h. Figure S1a,b shows a typical
scanning electron microscopy (SEM) image of ultralong
SWCNTs. The density of gas-oriented SWCNTs was one
tube in per tens of microns, and the length was about a few
millimeters. The major parts of as-grown tubes were singlewalled, with minor parts being double-walled or multiwalled.
Given that the etching mechanisms of multiwalled carbon
nanotubes (MWCNTs) might be diﬀerent from SWCNTs as
reported in previous works,42 we assigned the chirality of the
nanotubes before the etching process to ensure that each
carbon nanotube selected was single walled.
2.2. Synthesis of Lattice-Oriented SWCNT Arrays. The
synthesis of horizontal lattice aligned SWCNT arrays utilized a
4 mm × 6 mm quartz (Hefei Kejing Materials Technology
Company, China) as substrate. First, the substrate with
patterned catalyst precursor (FeCl3 ethanol solution) was
heated to 820 °C for 10 min and purged with 300 sccm of Ar
for 10 min. Then, 200 sccm of H2 was supplied to reduce
catalyst nanoparticles for 10 min. Finally, 40 sccm of Ar
through an ethanol bubbler was introduced as the carbon
source and was kept on for 20 min. The average density of the
horizontally aligned SWCNTs was 5 tubes/μm, and the length
was about 200 μm.
2.3. In-Situ Optical Observation System. In-situ optical
observation was performed using an optical system equipped
with a miniature CVD system. An optical system was composed
of a polarized optical microscope (Olympus BX51), a
monochrome camera (Andor Zyla 4.2),41 an objective lens
(50 ×), and two polarizers. One polarizer (Daheng optics,
GCL-050003) was positioned in the incident light (tungsten−

model for SWCNTs? (3) How is the selectivity expressed in
such an etching model?
To answer the above questions, we herein chose air, water,
and carbon dioxide as three typical oxidative etchants to
investigate the SWCNT etching process systematically in real
time by using polarized optical microscopy. We used highcontrast reﬂection absorption spectroscopy to determine the
chirality of SWCNTs and correlated it to the etching processes.
During the observation, we found a universal etching behavior
in the SWCNT oxidation process with the following characteristics: (1) the etching sites generated randomly on the body of
the tubes; (2) the active sites would terminate after a certain
etching time; and (3) the frequency of site generation varied
signiﬁcantly with etchants, etching conditions, and SWCNT
structures. Based on these features, we established an etching
rate model and deﬁned a parameter R to describe the etching
selectivity. In diﬀerent etching conditions, the R varied with
diﬀerent etchants: H2O (R = 17.1, 850 °C), CO2 (R = 3.6, 850
°C), O2 (R = 1.2, 610 °C). Field eﬀect transistor (FET)
performance of the SWCNT arrays was consistent with the
statistical results.

2. METHODS
2.1. Synthesis of Gas-Flow-Directed SWCNT Arrays. A
3 mm × 4 mm Si/SiO2 with 90 nm oxide layer (Hefei Kejing
Materials Technology Company, China) was used as substrate
for gas-ﬂow-aligned growth of SWCNTs in the chemical vapor
deposition (CVD) system. CuCl2 was purchased from
Sinopharm Chemical Reagent as catalysts. The Si/SiO 2
substrate with 0.05 mmol L−1 CuCl2/ethanol catalyst was
placed in a quartz tube and heated to 980 °C in air. Then, the
tube was purged with 300 standard cubic centimeters per
minutes (sccm) argon to exclude air for 10 min. After argon
was switched oﬀ, 200 sccm H2 was introduced to reduce CuxOy
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Figure 2. Measurement of the gap length changed with time for various etchants. Representation of the brightness value taken along a SWCNT
before etching (plots in red) and after etching (plots in black) by using (a) O2, (b) H2O, and (c) CO2 as etchants. Variation of the gap length over
time with the detailed conditions: (d) air, 610 °C, atmospheric pressure; (e) H2O, 900 °C, purged by 200 sccm argon ﬂow; and (f) CO2, 900 °C,
200 sccm.

pure CO2 was introduced to oxidize the SWCNTs at 830 °C,
850 °C, or 870 °C for 30 min.
The etching process of preparing the samples on quartz for
FET measurement was similar to the preceding methods. We
chose the same etching temperature and gas ﬂow according to
the statistics of the frequency of gap length, that is, 610 °C for
air and 850 °C for water and carbon dioxide, The etching time
was controlled to ensure the similar number of gaps on sSWCNTs using diﬀerent etchants.
2.5. Morphology Characterization of SWCNTs. Morphology of SWCNTs was characterized by an atomic force
microscope (AFM, Dimension icon ScanAsyst, tapping mode)
and scanning electron microscope (SEM, Hitachi S4800 ﬁeld
emission, Japan, operated at 1.0 kV).
2.6. Chirality Indication of SWCNTs. The assignment of
the chirality of SWCNTs was accomplished by home-built
high-contrast reﬂection/absorption spectra40 with a supercontinuum laser as the light source and a spectrometer as a
photon energy analyzer. By comparing optical resonances with
atlas table established before,43 we identiﬁed the chirality of the
SWCNTs (Table S1).
2.7. FET Device Fabrication. The as-grown SWCNTs
were transferred from quartz to Si/SiO2 substrate with a 300
nm oxide layer after etching for FET device fabrication. A
channel with the width of 200 μm and length of 20 μm was
patterned by photolithography. Thin ﬁlms of 6 nm Cr and 50
nm Au were deposited by vacuum evaporation followed by a
lift-oﬀ process, where Cr acted as a contact layer and Au as the
pad of source and drain. The Keithely 4200-SCS semiconductor characterization system was utilized to measure the
electrical properties.

halogen lamp) path, and the other analyzer polarization in the
detection light path was near perpendicular to the incident one
with a small angle. A short-wave pass ﬁlter (Thorlabs, FGB 37)
was placed before the camera to cut oﬀ most of the blackbody
radiation from the substrate under high temperature. A miniCVD system including a heating chamber, gas auxiliary, and
cooling water was used for in-situ etching of the carbon
nanotubes. The diameter of the heating stage was 4 mm, and
the heating rate could reach 100 °C/min. A 200 μm quartz
plate was fabricated as a lid on the top of the heating chamber,
and the direction of SWCNTs in the chamber had an angle of
45° with the incident polarized light. Besides, a series of gases
could be introduced into the CVD system. This improved
apparatus (as shown in Figure 1a) made it possible not only to
observe an SWCNT but also to track its dynamic etching
process with diﬀerent etchants (O2, H2O, and CO2) under
atmospheric pressure and high temperature.
2.4. Optimization of Gas-Phase Etching Parameters of
As-Grown SWCNTs. Too many or too few gaps would be
diﬃcult to analyze, so etching temperatures, ﬂow rates, and
etching times were chosen to yield a statistically usable number
of gaps. The experimental results showed that the appropriate
etching conditions for as-grown SWCNTs on Si/SiO2 were
610−690 °C for 10 min in air (21% O2 and 78% N2), 750−850
°C for 60 min in H2O (purged by argon (>99.99%, 200sccm),
and 830−870 °C for 30 min in CO2 (>99.99%, 200 sccm).
The statistical analysis of etching behavior of the SWCNTs
on Si/SiO2 was measured. In the case of O2, the sample was
placed 10 cm away from a moveable furnace (OTF-1200X).
When the center temperature reached to 610 °C, 650 °C, or
690 °C, we moved the furnace to the sample position and
heated SWCNTs for 10 min in the room air. After reaction, the
furnace was moved back to the previous position, and the
sample was cooled to room temperature. In the case of H2O, a
quartz boat with water was placed 15 cm in the opposite
direction, close to the intake. Then, the tube was purged with
200 sccm of argon to exclude air and carried water vapor into
the furnace for 10 min. After moving the furnace, the sample
was heated at 750 °C, 800 °C, or 850 °C for 60 min. For the
part of CO2, argon was supplied for 10 min to exclude the air.
After the argon was turned oﬀ, in the same move, 200 sccm of

3. RESULTS AND DISCUSSION
3.1. Observation of the Etching Behavior of SWCNTs.
Figure 1b,d shows representative snapshots of optical images of
the etching process with diﬀerent etchants for the exposure
time of 3s (O2), 7s (H2O) and 7s (CO2) respectively. The
SWCNTs were found as the dark thin lines in the images. To
highlight the etching process, we schematically illustrated the
SWCNTs by white lines in the blank area. From the ﬁgure, a
process of “active site generation−gap elongation−active site
termination−new site generation” could be observed clearly.
27657

DOI: 10.1021/acs.jpcc.7b06653
J. Phys. Chem. C 2017, 121, 27655−27663

Article

The Journal of Physical Chemistry C

Figure 3. Ex-situ statistics of the average etching length of gaps of ten SWCNTs (a) under O2 etching 690 °C, (b) H2O etching 850 °C, and (c) CO2
etching 850 °C. Average etching length distribution of SWCNTs at temperature series. (d) O2 etching, 610 °C (L = 0.68 ± 0.50 μm), 650 °C (L =
0.85 ± 0.65 μm), and 690 °C (L = 1.41 ± 0.38 μm), (e) H2O etching, 750 °C (L = 0.72 ± 0.49 μm), 800 °C (L = 4.40 ± 2.99 μm), and 850 °C (L =
7.13 ± 3.40 μm), and (f) CO2 etching, 830 °C (L = 0.36 ± 0.13 μm), 850 °C (L = 0.79 ± 0.06 μm), and 870 °C (L = 1.69 ± 1.17 μm). Gap etching
length distributions (bars) and Gaussian ﬁts (lines) of SWCNTs at diﬀerent temperatures. (g) O2 etching, 610 °C (orange), 650 °C (purple), and
690 °C (pink), (h) H2O etching, 750 °C (orange), 800 °C (purple), and 850 °C (pink), and (i) CO2 etching, 830 °C (orange), 850 °C (purple),
and 870 °C (pink).

For instance, the ﬁrst two sites appeared on the right tube at
5′01″ after CO2 injection, and the gap length enlarged at 5′08″
(Figure 1d). Afterward, a third site appeared at 5′15″. The
fourth image was taken 1 min later, indicating that the length of
the three terminated gaps no longer changed afterward. The
other two etchants (O2, H2O) produced similar results (Figure
1b shows SWCNTs etched by O2, and Figure 1c shows
SWCNTs etched by H2O). Raman mapping of the SWCNT
sample after etching showed a homogeneous and very low
signal of the D-band, as shown in Figure S1d and S1e. This
indicated that there are very few defects along the body of the
tube after the etching process. Figure 1e illustrates atomic
models of the etching process of the SWCNTs under diﬀerent
etchants. As SWCNTs were visualized as dark lines in the
image, the brightness of pixels with SWCNTs was signiﬁcantly
lower than those without SWCNTs. Figure 2a,c shows the
brightness signal of the SWCNT before (x-marks in red) and
after (x-marks in black) the etching process. We could ﬁnd a
signiﬁcantly brighter region, which referred to the gap area, and
the length of this region was deﬁned as the gap length at this
time. Therefore, we further measured the change of the gap
length over time (Figure 2d,f), from which the elongation and
the termination stage could be monitored during the formation
of one gap. We measured and statistically analyzed the distance
between the centers of the adjoining gaps, which reﬂected a
random position distribution on the SWCNTs (Figure S2). It is
probably caused by the uniform structure along SWCNTs, of
which the structure can remain unchanged at tens of
millimeters.44 It makes the probability of the occurrence of

etching sites random along the whole nanotube. Unlike
previous conjecture, the etching process extended to both
sides from a random site and would terminate after a certain
etching time, which was called “self-termination phenomenon”.
This phenomenon was repeatable using O2, H2O, and CO2, and
we claimed that the self-termination phenomenon was probably
a universal behavior in the SWCNT etching process.
3.2. Dynamic Model of the SWCNT Etching Process.
SEM images showed a typical SWCNT etched randomly into
several small fragments by H2O (Figure S1c). As a small gap
would play a key role in an electronic device in practical
application, this characteristic was very important for further
analysis. Compared with a previous tube-by-tube statistical
method, the focus on gap-by-gap analysis could be more
applicable and reliable. Therefore, we deﬁned three parameters,
γ (mm−1·min−1), ΔL (μm), and l (mm) to further describe the
etching process
Δl /Δt =

l 2 − l1
= ΔL × γ × l
t 2 − t1

(1)
−1

in which Δl/Δt referres to average etching rate (μm·min ); l1
refers to the length of the tube at t1; and l2 is the length of the
tube at t2; ΔL represents the average gap length; γ is the
frequency that a gap appears per unit time and length; and l is
the total length of an individual tube. It is expected that the
neighboring gaps may mix together with etching time and
temperature extended, which would result in the increase of ΔL
and the decrease of γ. On the other hand, topological
structure38,45,46 and electronic structure24 of SWCNTs and
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Figure 4. Structure-independent etching process of SWCNTs using diﬀerent etchants. (a) SEM image of a SWCNT before etching. (b) Optical
spectrum of a SWCNT identiﬁed as (28, 24). (c) AFM image of an SWCNT after etching. Scatter plots of gap frequency γ0 with individual SWCNT
(m-SWCNTs in red and s-SWCNTs in black) under diﬀerent etchants, respectively. (d) O2 (610 °C), (e) H2O (850 °C), (f) CO2 (850 °C). (g)
The statistical graphs of gap frequency with of m-or s-SWCNTs under O2 (red), H2O (green), and CO2 (blue), respectively. (h) Etching selectivity
R of three kinds of etchants. (i) 1D density of states plots of m-SWCNTs and s-SWCNTs.

and 99.7% active sites had been terminated by using O2, CO2,
and H2O, and thus ΔL0 and γ0 could be measured by ex-situ
measurements.
3.3. Analysis of ΔL0 . For a quantitative analysis of ΔL0 ,
ﬁrst, we gave the assignment of the chirality of 30 SWCNTs
(Table S1). Then, we etched the sample under 850 °C for 30
min in CO2 and analyzed the distribution of average gap length
of these tubes. Statistics show that the average gap length on an
individual tube tended to be a ﬁxed value at certain
temperature, and no obvious correlation was found between
ΔL0 and the structure of SWCNTs (Figure S4). Besides, H2O
and O2 showed the same phenomenon. The average gap length
of 10 identiﬁed SWCNTs etched under diﬀerent etchants was
shown in Figure 3a,c (a, O2, 690 °C; b, H2O, 850 °C; c, CO2,
850 °C). Figure 3d,f shows an obvious increase of ΔL0 with the
increase of temperature, suggesting that average gap length was
a function of etching temperature. Meanwhile, the individual
length tends to follow Gaussian distribution (Figure 3g,i).
3.4. Analysis of γ0. According to eq 4, the diﬀerence of
etching rate might be determined by γ0, since ΔL0 showed a
constant value at certain temperature. To unravel in depth the
correlation between γ0 and the SWCNT structure, the optical
spectrum was used to characterize the structure of SWCNTs
before etching.43 Figure 4a shows the morphology of a
SWCNT before gas-phase etching, and Figure 4b displays a
typical optical spectrum of this SWCNT. The SWCNT was
indicated as a (28, 24) semiconducting tube, which was
consistent with the previous report.40 After the etching process,

temperature had been reported to be related to the etching rate.
Thus, γ and ΔL can be expressed in terms of the functional
form:
ΔL = α(t ) × ΔL0(T , d , θ , ···)

(2)

γ = β(t ) × γ0(T , d , θ , ···)

(3)

In the above formula, α(t) and β(t) are parameters only related
to the etching time t; T is the etching temperature; and (d, θ) is
the structure of a SWCNT expressed in polar coordinates. In
the initial period of etching process, the density of gaps on the
etched SWCNTs was relatively low. For example, the length of
tube etched by CO2 at 850 °C for 30 min only contributed
0.4% of the total length of the SWCNT, thus gaps had quite
low odds to mix with each other, which indicated that α(t) ≈
β(t) ≈ 1. Further, the etching rate could be described
approximately as
Δl /Δt ≈ ΔL0 × γ0 × l

(4)

Another interesting fact was that most of the active etching site
terminated after a certain etching time. The probability P of the
gaps in a state of termination was calculated by
P = 1 − t ′m /t ′n

(5)

where t′m was the lifetime of an active site, and t′n was the total
etching time in the process. According to the real-time
observation, t′m of a gap was about 10 s for all the etchants,
but t′n were 5 min for O2, 30 min for CO2, and 60 min for H2O,
respectively. Calculation showed that more than 96.7%, 99.4%,
27659

DOI: 10.1021/acs.jpcc.7b06653
J. Phys. Chem. C 2017, 121, 27655−27663

Article

The Journal of Physical Chemistry C

Figure 5. Performance of ﬁeld-eﬀect transistor (FET) devices of SWCNTs. (a) SEM image showing FET devices fabricated on etched SWCNT
arrays with S, D electrodes. (b) SEM image of the etching gaps of SWCNT etched arrays. (c) Typical transfer characteristics of etched SWCNT
array device, where Vds = −1 V, Vgs ranged from −40 V to 40 V, and Ion/Ioff = 116. Inset: Output characteristics of the SWCNT etched array devices,
where Vtg varies from −30 V to 30 V with steps of 15 V. W = 200 μm, Lch = 20 μm. (d) Statistics of Ion/Ioff ratio devices of SWCNT etched array
under O2, H2O, and CO2, respectively.

3.5. Redeﬁnition and Illustration of the Selectivity in
Gas-Phase Etching. To quantitatively analyze the diﬀerences
in the etching process, the selectivity R is redeﬁned as

two sharp-edged gaps were found in the AFM image (Figure
4c) with the length of ∼500 and ∼800 nm. No catalyst
nanoparticles could be observed nearby, suggesting that catalyst
nanoparticles did not have an eﬀect on the etching rate.
Based on the suﬃcient number of characterized gaps (>400)
on each condition, we measured and statistically analyzed the
frequency that a gap appears per unit time and length on the
individual tube. In eq 3, etching temperature T and the
structure of a SWCNT (d, θ) may aﬀect γ0. First, we studied
how γ0 could be inﬂuenced by the diameter d and chiral angle θ,
which were two key factors to deﬁne the SWCNT structures,
and the results were shown in Figure S5 and Figure S6. Figure
S5 shows the scatter plots of γ0 to d, in which d ranged from 1.0
to 3.5 nm. From the statistics derived from the data, the smaller
diameter SWCNTs showed both the low and high frequency of
gaps; meanwhile, the larger diameter SWCNTs also had the
same results. Then, to test whether the chiral angle played a key
role or not, we compared γ0 with diﬀerent chiral angle of
SWCNTs, ranging from 0° to 30° (Figure S6). Similarly, both
the bigger and smaller chiral angle SWCNTs displayed the low
and high frequency of gaps. The random distribution suggested
that average frequency of gaps could not be determined by
diameter or chiral angle individually. However, Figure 4d,f
reveals that the average frequency of gaps had a strong
correlation with electronic structure of SWCNT (m-SWCNTs
were marked in red and s-SWCNTs were marked in black). For
O2, the frequency of gap generation of m-SWCNTs (2.38
mm−1·min−1) was almost the same as s-SWCNTs (1.92 mm−1·
min−1); when H2O was used as etchants, m-SWCNTs (1.07
mm−1·min−1) showed a much higher frequency than sSWCNTs (0.06 mm−1·min−1). For CO2, m-SWCNTs (0.40
mm−1·min−1) was a little higher than s-SWCNTs (0.11 mm−1·
min−1) in Figure 4g. Overall, statistics showed that the
frequency of gap creation per unit time and length reﬂected
the etching rate of SWCNTs of speciﬁc electronic structures.

ΔlM /Δt ≈ ΔL0 × γM × l

(6)

ΔlS/Δt ≈ ΔL0 × γS × l

(7)

R=

γ
ΔlM /Δt
≈ M
ΔlS/Δt
γS

(8)

where γM and γS are average fracture frequency per unit time
and length of m- and s-SWCNTs, respectively. As shown in
Figure 4h, R is 1.2 for O2, 17.1 for H2O, and 3.6 for CO2 in
histogram, indicating that the etching selectivity follows the
order: H2O > CO2 > O2.
The ranking of the three etchants could be illustrated by the
diﬀerent doping of SWCNTs under various etchants. Many
published works have paid attention to the density of states
(DOS) of SWCNTs near the Fermi level, which results in
diﬀerent chemical reactivity of SWCNTs.29,47 As shown in
Figure 4i, there are three possible degrees of doping. First, the
Fermi level of SWCNTs locates between the ﬁrst and second
singularities, and the DOS of s-SWCNTs is higher than that of
m-SWCNTs. Thus, the chemical reactivity of s-SWCNTs is
higher than that of m-SWCNTs, which is the case for H2O2.47
Second, the Fermi level shifts to the top of the valence band of
m-SWCNTs due to the doping, resulting in a higher DOS of mSWCNTs than that of s-SWCNTs at the Fermi level. This is
the case for CO2 and H2O, and m-SWCNTs are more reactive
than s-SWCNTs. Third, if the doping eﬀect is strong enough,
the DOS of s-SWCNTs and m-SWCNTs are almost equal,
which leads to a very weak selectivity during the etching
process. This is the case for O2.
27660

DOI: 10.1021/acs.jpcc.7b06653
J. Phys. Chem. C 2017, 121, 27655−27663

The Journal of Physical Chemistry C

■

3.6. FET Measurement. Experimental and theoretical
works have demonstrated that the semiconducting SWCNT
arrays are important and desirable for the applications of
nanotube-based electronics, such as ﬁeld-eﬀect transistors
(FETs), 6,48 complementary metal-oxide semiconductor
(CMOS),49 and infrared sensors (IR).50,51 The performance
of FETs is usually regarded as a measurement of proportion of
the s-SWCNTs.
To verify our deﬁned selectivity, bottom-gated FETs based
on the etched SWCNT arrays were fabricated as shown in
Figure 5a. The gaps of SWCNTs between the two electrodes
could be seen clearly in the SEM image (Figure 5b). Figure 5c
presents the typical transfer characteristic curve (I−V curves) of
s-SWCNTs, where Vds = −1 V and Vgs ranged from −40 to 40
V. The output characteristic curve of the etched SWCNT arrays
was displayed in the inset, where Vtg varied from −30 to 30 V
with steps of 15 V, which indicated a good ohmic contact. To
compare the diﬀerent selectivity of etchants, it was reasonable
to control the same number of gaps creation per unit length of
s-SWCNTs, which means, to make γs(O2) × t(O2) = γs(H2O) ×
t(H2O) = γs(CO2) × t(CO2). Then, we calculated the percentage of
the total number of devices with an Ion/Ioff higher than 10,
which suggested that the content of s-SWCNTs was higher
than 90%. As shown in Figure 5d, we could ﬁnd that the
percentage was 6.9%, 22.4%, and 15.5% corresponding to O2,
H2O, and CO2 respectively. The results showed that semiconducting selectivity of SWCNTs ranked in the following
order, H2O > CO2 > O2, which was consistent with the
tendency of the statistical results using our model.
On the other hand, the reason that the percentage of sSWCNTs was not high enough in the FETs might be (a) the
carrying current of the s-SWCNTs and m-SWCNTs was not
the same, so that the percentage of s-SWCNTs was
underestimated, and (b) the etching conditions were not
optimized. Experiments showed that longer etching time and
lower etching temperature helped improve the selectivity of sSWCNTs (Figure S7 and Figure S8). The Ion/Ioff (>10) was
6.5% (10 min), 7.1% (20 min), 11.1% (40 min), and 23.2% (60
min). In the case of temperature, Ion/Ioff (>10) was 21.4% (600
°C), 17.6% (650 °C), 13.3% (700 °C), and 11.1% (750 °C).
Theoretically, the etching rate of the m-SWCNTs was higher
than s-SWCNTs in O2, H2O, and CO2; thus, there might be an
optimized condition to obtain high purity of s-SWCNTs and
get better device performance in the future.
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