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High-Throughput Determination of Statistical Structure
Information for Horizontal Carbon Nanotube Arrays by

Optical Imaging

Shibin Deng, Jingyi Tang, Lixing Kang, Yue Hu, Fengrui Yao, Qiuchen Zhao,

Shuchen Zhang, Kaihui Liu,* and Jin Zhang*

The past few decades have witnessed the great progress in
carbon nanotube research, which is now at the threshold of
its real applications such as in nanoelectronics!? and opto-
electronics.Bl Just like mature semiconductor industry, in
which structure and performance tests are prerequisite in all
the processing steps, millions of nanotubes densely aligned
on a wafer necessitate the characterization of their statistical
structure information on growth substrates and in devices.]
Up to now, many methods have been used to characterize the
structure of nanotubes in different aspects and scales. Trans-
mission electron microscopy®! (TEM) and scanning tunneling
microscopy!® (STM) can provide atomic resolution images for
nanotubes while the analytical area is quite limited (typically
tens of nanometer). Scanning electron microscopy”! (SEM) and
atomic force microscopy® (AFM) are two most used methods
to “count” the numbers of nanotubes, but they lack the ability
of metallic/semiconducting (M/S) recognition and they even
meet great challenges at lateral resolution as the density of
nanotubes increases. Electrical measurement”? and optical
spectroscopic methods(1%1317] are also adopted to determine the
structure information but usually time-consuming. Generally,
conventional methods are hard to provide statistical structure
information with high-throughput which is necessary for devel-
opment of carbon nanotubes now.

Optical imaging and spectroscopy were widely used to
monitor the structure of massive bulk materials.'® Notwith-
standing its effectiveness, the implementation of optical
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imaging and spectroscopy in nanomaterials and nanodevices is
still challenging mainly due to the small cross-section of light-
matter interactions (considering the limited number of atoms
in nanomaterials), especially for carbon nanotubes. To address
this challenge, great efforts have been devoted to developing
single-tube optical spectroscopy (e.g., Raman spectroscopy,!'%
photoluminescence spectroscopy,!'!l Rayleigh spectroscopy,'213]
absorption spectroscopy,"* ¢ and reflection spectroscopy!'’)),
through which one can now determine the structure informa-
tion for individual nanotubes. However, single-tube optical spec-
troscopic methods are in nature of low throughput and therefore
not suitable to determine the statistical structure information
for millions of nanotubes efficiently. Compared with single-tube
optical spectroscopic methods, optical imaging, which provides
measurement ability in wide field, can drastically increase the
throughput of optical measurement. Although the implantation
of above-mentioned optical techniques to imaging is achiev-
able, there are still hindrances for reliably measuring the sta-
tistical structure information from these techniques. Raman
scattering only responds to the nanotubes in resonance with the
laser. Photoluminescence lacks the ability to respond to metallic
nanotubes. Rayleigh scattering and polarized light microscopy
(absorption!'>1®l or reflection!'’)) are well suited to fast imaging,
among which polarization-based reflective imaging can even
achieve millisecond frame rate, showing its highest throughput.
Nonetheless, recent works about these techniques only utilize
the peak position of the spectroscopy to achieve qualitative
measurement of individual nanotubes, quantitative using of the
image information has not yet been reported.

Here we utilize optical imaging to achieve high-throughput
measurement on structure information of massive nanotubes
on substrates. The high-throughput ability is realized by direct
use of the multicolor information in optical image with contrast
enhanced over 10 folds. We successfully employ this technique
to characterize carbon nanotube arrays on their line density and
M/S ratio in a statistical way for submillimeter view field with
integration time less than one second.

We utilize the convenient optical reflection imaging in this
work (Figure 1a). For very thin atomic layered nanomaterials
(horizontally aligned carbon nanotube array for example) on the
transparent substrates, the optical reflection contrast (AR/R) is
directly related to the absorption in a linear way!"”!

AR _|Exe +E | -|E[]' _2[Ew|_ 4
R |E.|? |E| ni-1

A, 1)
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Figure 1. Optical image of carbon nanotube arrays with enhanced optical contrast. a) Schematic concept of reflection optical contrast for carbon
nanotube arrays. b) Schematic configuration of polarization microscopy with carbon nanotube arrays. The incoming and outgoing polarizers are nearly
vertically placed with 6 deviation and carbon nanotube array axis is set 45° to the incoming polarizer. c) Typical optical images of nanotube array at
different 6. The bright-to-dark transition of nanotube images between 6=12° is caused by sign change of referenced refection electrical field associated
with 6. d) The dependence of optical contrast on 6 for the nanotube array in (c). The black curve is the theoretical fitting considering the polarization

impurity effect in our optical setup.

where Eyr and E, are the nanotube-scattered electric field and
substrate-reflected electric field at the detector, respectively; n,
is the refractive index of the substrate; A is the nanotube optical
absorption; (Exr/E.)? term is orders of magnitude smaller than
(Ext/E,) term and therefore neglected.

Since optical absorption is the most fundamental optical
parameter characterizing the light-matter interactions in mate-
rials, in principle, one can use the optical reflection image to
determine various kinds of structure information for any mate-
rial. However, the direct acquisition of optical image for nano-
tube arrays on substrates is conventionally believed to be chal-
lenging due to its very small optical signal (down to 107 —=107*).
Here we utilize the depolarization effect in anisotropic 1D mate-
rials to drastically enhance the optical contrast of carbon nano-
tube arrays by manipulating the polarization, which has been
proved to be very effective on individual carbon nanotubes.['>-17]
Basically, two nearly vertically crossed polarizers (with deviation
angle to 90°) are respectively placed in the incoming (P;) and
outgoing (P,) light path ways and the nanotubes are oriented
at 45° with respect to P; (Figure 1b). Under this configura-
tion, the Eyr term is mainly maintained (E{; = Exr/~/2) while
the E, term is greatly suppressed (E! =E, sin0) and therefore
the optical contrast can be greatly enhanced (by = 1/(~/2 sin 8)).
This concept can be directly verified by reviewing the optical
images taken at different 0 angles (Figure 1c). It is obvious
that without polarization manipulation, one can barely see any
signal from nanotubes (optical contrast less than 1.0%); with |6
decreasing to 2°, the nanotube array images get obviously clear
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with contrasted >6% (the bright-to-dark transition of nanotube
images between @=+2° is caused by sign change of E/' asso-
ciated with 6). With further detailed analysis of the optical con-
trast considering the unavoidable polarization impurities in the
optical setup, we find that

sR_ 4
R ni-1

Af(@,e), (2)

where f(6, ¢) is the factor induced by polarization manipula-
tion (see details in Section S1 in the Supporting Information).
Using Equation (2), we can nicely describe the 6-dependent
optical contrast (Figure 1d), which give out the reliable optical
absorption A of carbon nanotube arrays.

Once we get the absorption information of nanotube arrays
from the optical image contrast, we can obtain their various
kinds of statistical structure information. The most two impor-
tant pieces of information for the coming electronic and opto-
electronic applications in nanotube arrays are line density and
M/S nanotube ratio. The industry has actually established a
clear standard for nanotube growth community:(?! Before 2020,
line density should be larger than 125 tubes pm™' and M/S
ratio should be smaller than 0.0001%. To reach such standard,
one needs not only to optimize the growth conditions but also
to characterize the as-grown samples for reliable and prompt
feedback. Below, we will demonstrate how we can use our
optical imaging method to determine the line density and M/S
ratio in the nanotube arrays.
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We first determine the line density of nanotube arrays from
their integral optical contrast in the optical image. According
to the approximation sum rule, the integrated absorption per
atom in a wide spectral range is nearly the same for all gra-
phitic materials. Therefore, we can directly get the total carbon
atom numbers from the integral absorption. Then the nano-
tube array line density can be obtained by

A

"~ [edno)

G)

where I, A, d, s, O are the nanotube line density, absorption,
mean diameter, areal in-plane atom density, and the absorption
cross-section per atom, respectively (see details in Section S2
in the Supporting Information). Since s, is of constant value, &
has been systematically given out by the previous work,’> and
the mean diameter d in our nanotube array samples is known
to be =1.4 nm (Section S3 in the Supporting Information), we
can get | directly from the optical absorption A. The two sam-
ples with optical images shown in Figure 2a,d have line density
of 20 and 50 tubes pm™!, respectively.

Conventionally, scanning electron microscopic (SEM) or
atomic force microscopic (AFM) image is mostly used to deter-
mine the line density of nanotube arrays. However, these two
techniques have the limitation in the characterization of sam-
ples with high density. Due to the discharge effect in SEM or
the tip convolution effect in AFM, the obtained lateral diameter
will be inevitably broadened and the adjacent nanotubes will
become indistinguishable when the line density exceeds certain
threshold. In our experiment, the maximum line density that
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www.MaterialsViews.com

can be reliably determined are =10 tubes pm™! for SEM and
=30 tubes pm™! for AFM. For examples, as for lower density
of 20 tubes pm™!, our optical image method (Figure 2a) and
AFM (Figure 2b) can both work well and give out consistent
result (SEM in Figure 2c fails to give out the right value); as
for relatively higher density of 50 tubes pm™, our optical image
method (Figure 2d) still work but either AFM (Figure 2e) or
SEM (Section S4, Supporting Information) fails to give out
the right value. The limitation in our optical imaging method
comes from the “thin film” assumption, and even for the case
that nanotubes are tightly packed (corresponding to line den-
sity of 1/(d +0.34 nm) =600 tubes pm™; 0.34 nm comes from
the van der Waals intertube distance limitation), the assump-
tion is still right and our method can determine the line den-
sity unambiguously. Admittedly, the analytical power of AFM
and SEM can still be enhanced by carefully choosing the equip-
ment and experimental condition,?% but obviously, to charac-
terize the line density up to 125 tubes pm™' as required by the
industry, conventional techniques become very difficult if pos-
sible and our method still works well.

We further determine the M/S ratio of nanotube arrays from
their color-resolved optical contrast in the optical image. From
the nanotube quantization analysis, nanotube optical transi-
tions are quantized into k=2p/3d, where k is the momentum
in the graphene brillouin zone, d is the nanotube diameter and
p is an integer. For metallic nanotubes, p = 3, 6 for M; and
M,, optical transitions; for semiconducting nanotubes, p = 1,
2, 4,5 for Sq1, Sy, S33, and S,4 optical transitions. Therefore,
for nanotubes with similar diameter, their optical transition
peak positions or colors are different for M and S nanotubes.
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Figure 2. Determination of the line density for carbon nanotube arrays by integral optical contrast. a) The optical image of carbon nanotube array on
sapphire with line density of =20 tubes ym™"'. b,c) The typical AFM and SEM images corresponding to (a). The AFM gives out consistent line density
as from optical imaging but SEM fails to characterize. d) The optical image of carbon nanotube array on sapphire with line density of =50 tubes
pm~'. e) The typical AFM image corresponding to (d). The line density is already too high to determine for AFM method. f) The comparison between
SEM, AFM, and optical imaging method in determining the line density. SEM and AFM methods become invalid for line density exceeding =10 and
=30 tubes pm™', respectively.
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Figure 3. Determination of the M/S ratio for carbon nanotube array by color-resolved optical contrast. a) The Kataura plot generated from the experi-
mental atlas of nanotube optical transitions.[3 The vertical gray bar shows the diameter region of our as-grown nanotube arrays. b—d) SEM, Raman
G-mode mapping, and optical image of a “U” hetero-nanotube array on quartz. The vertical dashed lines indicate the boundary positions for the two
types of nanotubes. e,f) Reflection optical spectrum and Raman spectrum for the left part nanotube in (b-d). It is a semiconducting (11, 10) nano-
tube. g,h) Reflection optical spectrum and Raman spectrum for the right part nanotube in (b—d). It is a metallic (10, 10) nanotube. i) Color-resolved
optical contrast for the whole box region in (d) and its decomposition into S and M nanotube contribution. The M/S ratio is determined to be around
1.1 by either the integrated optical contrast from the separated S and M nanotube regions or the color-resolved optical contrast for the whole S and

M nanotube regions.

This conclusion can be seen from the Kataura plot (Figure 3a),
which shows the relation between the optical transition energy
E; and the nanotube diameter (this plot is generated from the
atlas of nanotube optical transitions!!*l). For example of our as-
grown nanotube with diameter around 1.4 nm, the M tubes
have My, optical transitions at 1.8-2.2 eV while S tubes have
S, and S33 optical transitions at 2.2-3.0 eV in the visible-violet
range. Therefore, in principle we can determine the M/S ratio
by evaluating the optical contrast ratio between different color
regions.

To clearly verify the validity in determining the M/S ratio of
nanotube arrays by color-resolved optical contrast, we choose
a special “U” shape hetero-nanotube sample (Figure 3b). The
reflection (Figure 3e,g) and Raman spectroscopy (Figure 3fh)
show that the left part is of S type (11, 10) and the right part is of
M type (10, 10). From Raman G mode mapping (Figure 3c), we
can find the boundary between the two types (as indicated by ver-
tical dashed line). Using the integral optical contrast of the two
regions as separated by the dashed line and outlined by the white
box in Figure 3d, we obtain the line density of 0.71 tubes pm™!
for left S nanotube and 0.77 tubes pm™' for right M nanotube
and the M/S ratio is 1.08. Alternatively, we can directly use the
color-resolved optical contrast (Figure 3i) without distinction
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about the S and M regions to determine the M/S ratio (see
details in Section S5 in the Supporting Information). The ratio is
obtained as 1.15, close to the above value of 1.08. The discrepancy
should be from the background inhomogeneity of this tested
sample. Here for this special “U” shape hetero sample, both
the integral and color-resolved optical image methods can deter-
mine the M/S ratio. In more general cases, we cannot resolve the
M and S nanotube region but the color-resolved optical image
method will still work. We further use this method to determine
the M/S ratio in a high density nanotube arrays (50 tubes pm™)
and obtain the value of 0.57 (Section S5, Supporting Informa-
tion). For randomly distributed chirality, the theoretical value
of M/S ratio is 0.50. Which means that, without special growth
control, the nanotube type is mostly random. There have been
several optical techniques'>'31>-17] which also use the transition
energy difference to distinguish M/S tubes on substrate, how-
ever, only when the density is lower than =1 tubes pm™'. This
shortcoming is a direct result of diffraction limit. As discussed
above, our technique does not take resolving tubes as a premise,
and it can work well even when the nanotubes are tightly packed
as a continuous film. Recently great efforts have been put on
growing high density S-rich nanotube arrays but the current
purity is still not high enough to reach 99.9999% standard. Our
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Figure 4. Optical images of carbon nanotube on various substrates and in diverse environments. Optical images of carbon nanotubes on a) fused
silica, b) quartz, c) SiO,/Si substrates with electrodes, d) in water, €) in oil, and f) under 900 °C in argon gas.

method can simultaneously provide the fast feedback about both
density and S richness and should definitely accelerate the real-
izing the goal of very pure and high density S nanotubes. Our
technique is based on optical imaging (with contrast enhanced
by polarization manipulation), and therefore quite versatile for
different substrates and environments. Actually, we can get
nanotube images on different substrates of sapphire (Figure 2),
quartz (Figure 4a), fused silica (Figure 4b), and SiO,/Si with
electrodes (Figure 4c); immersed in different liquids of water
(Figure 4d) and oil (Figure 4e); and even under high tempera-
ture of 900 °C (Figure 4f). The versatility of our technique indi-
cates its wide potential applications, such as feeding back to the
growth, monitoring the device performance, sensing the bio-
system and in situ studying nanotube growth. Finally, we would
like to add a note for our method. It can determine statistical
information quite well for nanotube arrays due to their relatively
narrow diameter distribution, thanks to the great progresses in
the controllable growth in the nanotube community. For general
nanomaterial characterization, we should review the structure
distribution of individuals before applying our method for mas-
sive characterization. Fortunately, in most nanomaterials growth,
scientists can well control the materials into a very narrow struc-
ture distribution and our method will work.

In summary, we developed an optical imaging method to
determine the statistical structure information of massive carbon
nanotubes with submillimeter view field and subsecond charac-
terization time. We vision that our method will accelerate the con-
trollable growth of carbon nanotubes with high density and high
semiconducting purity and eventually promote the industrial
nanotube applications. Our method should also find its applica-
tion in fast characterizing broad range of nanomaterials and in
situ monitoring the nanoscale electronic and biological devices.

Experimental Section

Synthesis and Conventional Characterization of Single-Walled Carbon
Nanotube Arrays on Different Substrates: Carbon nanotubes were grown
in chemical vapor deposition (CVD) system. In particular, ST-cut quartz,

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

a-plane sapphire, and 90 nm SiO,/Si wafer (Hefei Kejing Materials
Technology Company, China) were used as substrates. Fe(OH);/ethanol
solution, as catalyst precursor, was dispersed onto the substrates. The
CVD system was purged with argon, a flow of hydrogen and argon
(through an ethanol bubbler) was introduced for the growth of SWNTs at
the desired temperature. The morphology, diameters, and chiral indices
of as-grown SWNTs were inspected with scanning electron microscopy
(Hitachi S4800 field emission, Japan), atomic force microscopy
(NanoScope IIIA, Veeco Co.), Raman spectroscopy (Horiba HR800)
and home-built single-tube high-contrast reflection spectroscopy.l'’] The
home-built single-tube high-contrast reflection spectroscopy employs
a supercontinuum laser as light source and a spectrometer as photon
energy analyzer, it can measure the contrast spectroscopy of carbon
nanotubes in small spot area (typically 1 x 1 pm?).

Optical Reflection Image Measurements: As shown in Figure 1b, an
optical microscope (Olympus BX51) equipped with a 50x objective
(N.A=0.75, air), a 60x objective (N.A=1.25, water), a 100x objective
(N.A=1.25, oil), a 50x objective (N.A.=0.5, long working distance for
imaging high temperature sample), two polarizers (Daheng optics, GCL-
050003) and two cameras were used to capture the polarized optical
images. For Figure 3d, a monochrome camera (Andor Zyla 4.2) and a
series of band-pass filters with 50 nm bandwidth (Edmund Optics) were
used; for all other images, a color camera (Olympus DP71) was used.
A tungsten—halogen lamp was used as the light source, the reflective
mode was used, one polarizer was located in the incident beam with its
transmission axis set horizontally, and the second polarizer was placed
in the reflective beam with its transmission axis set to a small angle 6
from the vertical direction.

A Kobhler illuminator provides evenly dispersed light across the
plane of field of view. The aperture iris diaphragm and the field iris
diaphragm enable convenient controls of incident beam. For a balance
of light intensity and polarization purity, the aperture iris diaphragm
was set to an effective N.A. of =0.3, the polarization extinction for the
reflected light was then maintained above 10° for R, G, B channels.
The corresponding reflection optical contrast was enhanced by about
15 folds. The field iris diaphragm was used to eliminate excess light.
For birefringence substrates, refractive index matching was performed
to suppress the depolarized light from the back surface. Bare
substrate plates were used as reference. The typical image exposure
time is 0.5 s.

As from its definition, the optical contrast was obtain by

AR _ Rentis =Rs
R Rs

Adv. Mater. 2016, 28, 2018-2023
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in which Rentys and Rs are the reflection for the CNT on substrate and
reflection for bare substrate, respectively. (A small area on the substrate
was purposely made without nanotube growth for generating the Rs).
Technically, Rentis and Rs was measured by averaging the image
brightness of every single pixel for the regions of interest (ROI). And
then the integral optical contrast by

AR
rE
integral optical contrast = —=——

2Ei

in which E; is the bandwidth (in energy) for the specific filter used in
imaging. Experimentally, the integral optical contrast was calculated by
averaging the optical response in wide spectral range, for example, R, G,
B channels from a color CCD.
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