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Abstract: Direct visualization of one-dimensional (1D) ma-
terials under an optical microscope in ambient conditions
is of great significance for their characterizations and ap-
plications. However, it is full of challenges to achieve such
goal due to their relative small size (ca. 1 nm in diameter)
in the optical-diffraction-limited laser spot (ca. 1 um in di-
ameter). In this Concept article, we introduce a polariza-
tion-based optical homodyne detection method that can
be used as a general strategy to obtain high-throughput,
real-time, optical imaging and in situ spectroscopy of po-
larization-inhomogeneous 1D materials. We will use
carbon nanotubes (CNTs) as an example to demonstrate
the applications of such characterization with respect to
the absorption signal of individual nanotubes, real-time
imaging of individual nanotubes in devices, and statistical
structure information of nanotube arrays. D

Background

One-dimensional materials (nanotubes, nanowires, nanobelts,
nanoribbons and edges or boundaries in two-dimensional ma-
terials) have attracted increasing interest owing to their unique
structural, electronic, and optical properties."® For example,
1D carbon nanotubes (CNTs) have been attracting ever-grow-
ing attention since their discovery in the early 1990s.'*3%
Based on their unique geometric characteristics and strong 1D
anisotropies, 1D nanostructures are believed to play an impor-
tant role as next-generation building blocks for electronic or
optoelectronic devices, for chemical or biological sensors, for
energy harvesting, storage and so on.’'>? Advanced analytical
equipment, such as atomic force microscopes (AFM), scanning
electron microscopes (SEM) and transmission electron micro-
scopes (TEM), have been employed to study 1D materials.“**
However, these techniques suffer from their limitations, like
a small operating space, limited accessibility, narrow field of
view and/or requiring high vacuum, which restrict their effi-
ciency and applicability.*” In contrast, optical microscopes and
spectroscopy have long been employed to study nanomateri-
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als and have proved to be very efficient.**™” A natural limita-
tion, however, comes into play: the diffraction limit makes the
focus of light with size around the light wavelength (ca. 1 um)
and the diameter of 1D materials is only in the nm scale, so
that great difficulties had been encountered when using those
techniques in 1D material research due to the mismatch of
these two sizes.

Take CNTs for example, the illumination beam size is several
orders of magnitude larger than the diameter of a single CNT
(ca. 1 nm), so the typical absorption signal of individual CNT is
very small (ca. 107* to 107°), which is too weak to be probed
under conventional optical microscope, because the signal will
be easily blurred by any tiny intensity fluctuations of the light
source or environmental fluctuation. To address this challenge,
great amount of effort has been undertaken in areas such as
fluorescence microscopy,?>?®*% Raman spectroscopy,”'™”
Rayleigh scattering,”*>% and particle-deposition-assisted opti-
cal image.®™%? However, the preparation of samples and the
identification of CNTs are quite complex and time-consuming
by these techniques. Different from conventional optical spec-
troscopy, nano-optical spectroscopy combines new physical
theories and experimental techniques to measure small optical
signals of low-dimensional materials.*>%3%* Recently, an optical
homodyne detection method has been developed. By using
this technique, the amplitude of a carbon nanotube optical
signal can be enhanced by two orders of magnitude, which
makes it possible to acquire high-throughput optical images
and wide-range spectra of a variety of polarization-inhomoge-
neous nanomaterials in a few seconds.® In this concept arti-
cle, we will summarize the concept of optical homodyne de-
tection, describe the polarization-based homodyne micro-
scope, and discuss its theory and applications (1D CNTs will be
used as an example material). It is hoped that this review will
provide useful information in the convenient characterization
based on homodyne detection, and inspire growing efforts in
the area of 1D materials for versatile applications.

Introduction to Homodyne Detection
Theory

Homodyne detection is a method that was originally devel-
oped in the field of radio waves and microwaves. It has been
extensively exploited as a means of achieving low-cost coher-
ent detection,®” and a number of sophisticated detection
schemes based on the homodyne concept have been stud-
ied.®*7 Till now, a lot of applications of this technique have
already been proposed, such as magnetic resonance imag-
ing,”" optical feedback,®® measurement of optical phase,”?
and detection of density-matrix.”® What is more, homodyne
detection was one of the key techniques in demonstrating
spooky (A single quantum particle can be described by a wave-
function that spreads over arbitrarily large distances; however,
it is never detected in two (or more) places. This strange phe-
nomenon is explained in the quantum theory by what Einstein
repudiated as “spooky action at a distance”: the instantaneous
nonlocal collapse of the wavefunction to wherever the particle
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is detected) action at a distance.” In addition, it has long
been proposed and investigated as a useful technique to mini-
mize the impact of laser phase noise in optical communication

systems.??
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Figure 1. Schematic of optical homodyne detection. A laser is separated into
two beams, one to generate signal field and the other to generate local os-
cillator field. The interference between signal and local oscillator gives out
the final detection signal. The separate control of signal and local oscillator
can enhance the signal inensity.

For small optical signal measurements, homodyne detection
is a kind of optical interferometry, in which a weak signal (E)
interferes with a relative strong “local oscillator” wave (E )
(Figure 1). Under each given optical frequency, the detected
light intensity change (A/l/) is the result of the interference be-
tween the signal (E;) and the local oscillator electric field (E,o)
and is given by Equation (1) in which ¢ is the relative phase
between E, and E,,, the small |E;|? term has been ignored.
Al |EL0+E *—|Eol*  2IE|

R — COoS 1
/ Eof ol Y ()

The resulting mixed modulation signal (Al/l) that carries the
information (amplitude, phase) of the original desired signal is
then detected. In this way, the amplitude of the mixing signal
(|Es|/|Eo|) measured by homodyne detection can be greatly
enhanced to an easily detectable level if one can separately
control the magnitude of E; and £, and make |E,|/|E| larger.

Polarization-based homodyne system

One example of an optical homodyne detection technique is
high-throughput polarization-based homodyne microscopy in
a transmission configuration (Figure 2a). In this setup, the scat-
tered light wave from an individual CNT interferes with the
transmitted light, and the detected modulation singal (Al/l)
originates from the interference between the nanotube for-
ward scattering wave (Eyr) and the unperturbed incident light
(E;,), then Equation (1) will be transformed into Equation (2), in
which a is the nanotube absorption, and ¢ denotes the phase
difference between Ey;and E,, at the detector.
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Figure 2. High-throughput polarization-based homodyne microscopy in

a transmission configuration. a) Polarization of supercontinuum laser is con-
trolled by two nearly 7t/2 crossed polarizers (with a small deviation angle o).
Suspended individual nanotubes are positioned at the focus of the two con-
focal objectives and with an angle of 7t/4 with respect to polarizer 1. b) The
transmitted light (E;,) interferes with the weak nanotube signal (Eyy). After
polarizer 2, dramatic reduction of the transmission electrical field
(E.o=E;,sind) and little loss of nanotubes [E, = (El; — Ex:)/V/2] result in the
greatly enhanced homodyne signal. The signal (Al/]) is enhanced by about
two orders of magnitude, reaching approximately a 1% level. Reprinted
with permission from reference [58]. (Copyright 2014 National Academy of
Sciences).
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As discussed above, homodyne detection can enormously
increase the detected signal intensity. From Equation (2) we
can see that the signal could be enlarged by reducing the
local oscillator electric field (E,), while maintaining the signal
(En7). Based on this idea, the polarization manipulation method
has been applied, which utilizes the strong depolarization
effect of 1D CNTs. As shown in Figure 2a, two nearly /2
crossed polarizers (with a small deviation angle d) are used to
control the polarization direction of incident and outgoing
light, and two polarization-maintaining objectives are placed
confocally between this polarizer pair. Broadband supercontin-
uum illumination is used to ensure wide-range and high-
throughput spectra. The CNTs are positioned at the focus of
the two objectives, at t/4 with respect to the first polarizer; its
position can be controlled to move in and out of focus center
of laser by a high precision piezo stage. A spectrometer
equipped with a linear-array charge-coupled device (CCD) is
used to achieve real-time signal acquisition. Theoretically, after
the second polarizer we can use Equations (3) and (4) in which
El; and Ej; are nanotube field along and perpendicular to the
nanotube aX|s, respectively.

Eo =E,sino (3)
E = M (4)
V2

Considering E,o: E,~10% and E,: Ey;~+/2 with a suitable po-
larizer setting, we find that the nanotube contrast can be en-
hanced by about two orders of magnitude by using substitute
E,, and E, [from Egs. (3) and (4)] in Equation (1). With a small o,
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the greatly enhanced optical contrast Al/l can reach about
a 1% level (compared with 107* in conventional transmission
methods) and becomes easily detectable.”®

Practical Applications
Probing the absorption cross-section of suspended CNTs

Optical absorption is one of the fundamental parameters to
characterize CNTs linear optical properties and many other pa-
rameters, such as absorption coefficient, scattering coefficient,
dielectric coefficient and refractive index, can be derived from
it.* Especially, information about the absorption cross-section
of individual CNT is of great interest for its importance in un-
derstanding their electronic structures, in evaluating quantum
efficiency of their photoluminescence®’” and photocur-
rent,’*”¥ also in investigating the unique many-body effects in
1D systems.”*®9 What is more, the absorption cross-section is
also a bridge connecting CNTs properties and theory because
it can be given directly by theoretical calculations. However,
the weak signal of CNTs often submerges in the background
signal and laser intensity fluctuations, making the measure-
ments very difficult. Therefore, previous absorption measure-
ments on ensemble CNTs samples only give information about
averaged behavior® " and recent absorption studies of indi-
vidual CNTs cannot determine the absolute absorption cross
section effectively over a wide spectral range.®>%-%0

However, with the aid of the homodyne microscopy of
transmission configuration mentioned above, we can get high-
throughput optical contrast spectra of single CNTs, and derive
the absorption cross-section from it by knowing the laser spot
profile (Figure 3a and b). It is the first time that the absorption
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Figure 3. CNT absorption spectra. a) Absorption spectra of a suspended CNT,
the optical contrast is enlarged when the deviation angle 6 decreases. b) Ab-
sorption cross-section of the same CNT derived by its absorption spectra.
Reprinted with permission from reference [58]. (Copyright 2014 National
Academy of Sciences).

cross-section of many individual CNTs could be quantitatively
determined over broad spectral range in a short time. With
such a data base in hand, it is now possible to establish an im-
portant structure-absorption map of different nanotube spe-
cies.””
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In-situ imaging and spectroscopy of individual CNT

It should be noted that the homodyne detection configuration
mentioned above is based on suspended CNTs. However, for
its real applications, such as in nano-electronics and optoelec-
tronics, real-time optical imaging of CNTs on devices is desper-
ately in need, which is more challenging than that of suspend-
ed CNTs, because the signal scattered by CNTs is nearly three
orders of magnitude smaller than that reflected by substrate,
generally. Based on the same homodyne detection concept
mentioned above, a polarization-based optical microscope in
the reflection configuration has been successfully constructed
and high-throughput optical imaging and in situ spectroscopy
of individual CNTs in devices has been realized.””

0
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Figure 4. High-throughput polarization-based homodyne microscopy in re-
flection configuration. Horizontally polarized incident light (after polarizer 1)
illuminates a nanotube oriented at /4. Polarizer 2 is oriented close to the
vertical direction (with a small angle deviation 6), which strongly reduces
the reflection field, but only slightly decreases the nanotube-scattered field,
resulting in greatly enhanced homodyne signal. Reprinted with permission
from reference [83]. (Copyright 2013 Nature Publishing Group).

As shown in Figure 4, similar to the transmission configura-
tion, two nearly 7t/2 perpendicular polarizers and one reflective
microscope objectives are used, and the CNT is also oriented
at m/4 relative to the first polarization direction. By controlling
the stage movement back and forth with respect to the laser
light, the objective collects the nanotube-scattered (Ey;) and
the bare substrate-reflected () light, respectively (Figure 4).
Then, the optical contrast of a CNT in a reflection configuration
can be derived from interference between the nanotube-scat-
tered electric field Eyr and the substrate-reflected electric field
E, at the detector, as given by Equation (5) below, in which R is
the optical signal from pure substrate reflection, AR is the opti-
cal signal difference arising from the presence of a nanotube,
and ¢ denotes the phase difference between Ey; and E, at the
detector.

AR |E +Ea—IEP  2|Ew]|
— = = cos 5
R EP E <59 ®)

By manipulating the polarization, similar to the transmission
configuration, this method could strongly reduce the reflection
field E, but largely keep the nanotube field at Ey; so that the

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Real-time optical imaging of individual CNTs on substrate or in
device. Direct optical images of the individual nanotubes a) on a fused-silica,
b) in a back-gated field-effect transistor device (with two gold electrodes),

) located partly under an Al,O; dielectric layer, with an integration time of
about 20 ms. d)-f) Scanning electron microscopy images of the nanotubes
corresponding to the optical images in a)-c). The invisible ALL,O; edge in f) is
indicated by the dashed line. g)-i) Schematics of nanotubes corresponding
to the optical images in a)-c). Reprinted with permission from refer-

ence [83]. (Copyright 2013 Nature Publishing Group).

Silica

optical contrast is sufficiently enhanced. Here E, works as the
local oscillator.

Based on this technique, direct imaging of a single CNT has
been realized in diverse conditions, for example, CNTs on
a fused-silica substrate (Figure 5a), in a back-gated field-effect
transistor with source-drain electrodes (Figure 5b), and partly
covered by an AlLO; dielectric layer (Figure 5c). Corresponding
scanning electron micrographs and schematics of a nanotube
are presented in Figure 5d-i. As shown in these figures, the
contrast is efficiently enlarged to about 1% level by the above
method so that we can easily observe individual CNTs merely
by optical microscopy rather than electron microscopy. Be-
cause of its versatility, this technique can be potentially applied
in different ways, such as feeding back to the growth, monitor-
ing device performances, sensing bio-systems, and studying
the in situ growth of nanotube materials.

More importantly, optical absorption spectra of a single CNT
can be acquired in situ and its chirality can be determined ac-
curately with the aid of an experimental transition-chirality
atlas (Figure 6a—c). Thus, this method can achieve high-
throughput determination of CNT chirality distribution on di-

a b c
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Figure 6. In-situ optical spectra of individual nanotubes. a) on a fused-silica,
b) in a back-gated field-effect transistor device (with two gold electrodes),
¢) under an Al,O; dielectric layer. We can identify chiralities of these nano-
tubes as (20, 6), (22, 16) and (26, 22), respectively. Reprinted with permission
from reference [83]. (Copyright 2013 Nature Publishing Group).
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verse substrates and in situ characterization of its electronic
structure in operating devices, which may lead to the realiza-
tion of two major goals in central CNT research: achieving
chiral-selective growth and understanding chiral-dependent
device physics. Such characterization also helps the control
over the location and orientation of the produced nanotubes
on substrate.”®® |n addition, the mechanism of formation of
a single CNT has been widely discussed; however, up to now,
this subject is still controversial.””"® Such a technique can be
developed further to understand the dynamic processes of
nanotube growth at 20 ms time scale and there is hope that
dispute may be resolved.

Optical imaging and statistical information of horizontal
CNT arrays

In fact, the homodyne detection method is also applicable for
imaging horizontal CNT arrays on diverse substrates."”" The
principle is similar to that of individual CNT measurements in
the above-mentioned reflection configuration. A schematic
configuration of polarization microscopy for carbon nanotube
arrays is shown in Figure 7a and the concept of reflection opti-

Figure 7. Optical images of CNT arrays. a) Schematic configuration of polari-
zation microscopy with CNT arrays. b) Schematic concept of reflection opti-
cal contrast for CNT arrays. ¢) CNT arrays on fused silica, d) on quartz, e) on
SiO,/Si substrates with electrodes, f) in water, g) in oil, and h) under 900 °C in
argon gas. Reprinted with permission from reference [92]. (Copyright 2015
John Wiley and Sons).

cal contrast in Figure 7b. Optical images of CNT arrays can be
obtained on different substrates, for example, on quartz (Fig-
ure 7¢c), fused silica (Figure 7d), and SiO,/Si with electrodes
(Figure 7e); immersed in different aqueous solution (Figure 7 f)
and oil (Figure7g); and even under high temperature of
900°C (Figure 7 h). In addition, high-throughput determination
of statistical structure information for horizontal CNT arrays on
diverse substrates have also been obtained.""

Firstly, from their integral optical contrast in an optical
image, the line density of CNT arrays can be determined. For
horizontally aligned CNT arrays, for example, on transparent
substrates, the optical reflection contrast (AR/R) is directly re-
lated to the absorption in a linear way by Equation (6) in
which n; is the refractive index of the substrate, and A is the
optical absorption.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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According to the approximation sum rule, the integrated ab-
sorption per atom in a wide spectral range is nearly the same
for all graphitic materials, so the CNT array line density can be
directly obtained by averaging the integral absorption, as
given by Equation (7) in which I, A, d, s, o are the CNTs line
density, absorption, mean diameter, areal in-plane atom densi-
ty, and the absorption cross-section per atom, respectively.

[— A
" ads,o

(7)

Since s, is of constant value, o could be systematically ob-
tained by transmission homodyne detection, as proposed
above,® and the mean diameter d can be determined by
Raman spectroscopy from the radial breathing mode (RBM) vi-
brations.!"*?

With all the information above, from the optical absorption,
the CNT line density can be obtained directly. As shown in
Figure 8, the ability in determining the line density by using

(o))
[=]

—— Imaging
E ¢ AFM
% e SEM
2 40
: Tt
>
B 20
8 o .#—‘*

0
0.0 0.5 1.0
A (%)

Figure 8. The comparison between SEM, AFM, and optical imaging method
in determining the line density. SEM and AFM methods become invalid for
line density exceeding about 10 and 30 tubes per um, respectively. Reprint-
ed with permission from reference [92]. (Copyright 2015 John Wiley and
Sons).

SEM, AFM, and optical imaging methods has been compared.
The maximum line density can be reliably determined by opti-
cal imaging as large as 50 tubes per um, while SEM and AFM
fails to give out the right value in such high density, which
clearly demonstrates the superiority of this optical method.
Secondly, the M/S ratio (metal-to-semiconductor ratio) of CNT
arrays can be determined from their color-resolved optical con-
trast in the optical image. A different optical transition peak
position means a different color for metallic or semiconducting
CNTs, and this information can be seen in the Kataura plot (Fig-
ure 9a), which shows the relation between the optical transi-
tion energy E; and the nanotube diameter—this plot was gen-
erated from the experimental atlas of nanotube optical transi-
tions.®™ Therefore, in principle the M/S ratio can be deter-
mined by evaluating the optical contrast ratio between differ-
ent color regions.

Technically, the reflection light of the CNTs on substrate Ryt
and on bare substrate (R,) can be measured by averaging the
image brightness of every single pixel for the regions of inter-
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Figure 9. Determination of the M/S ratio for CNT array by colour-resolved
optical contrast. a) The Kataura plot generated from the experimental atlas
of nanotube optical transitions. The vertical grey bar shows the diameter
region of our as-grown nanotube arrays. b)-d) SEM, Raman G-mode map-
ping and optical image of a “U”-shaped hetero-nanotube array on quartz, re-
spectively. The vertical dashed lines indicate the boundary positions for the
two types of nanotubes. Reprinted with permission from reference [92].
(Copyright 2015 John Wiley and Sons).

est (ROI) by using Equation (8) in which E; is the bandwidth (in
energy) for the specific filter used in imaging. By evaluating
the optical contrast ratio between different color regions in
the optical image, the M/S ratio can be obtained.

= (") (8)
Integral optical contrast = T

For example, a special “U"-shaped hetero-nanotube sample
(Figure 9b) was observed by color-resolved optical contrast.
The vertical dashed line in the Raman G-mode mapping shows
the boundary between the two types (Figure 9¢). Using the in-
tegral optical contrast of the two regions as separated by the
dashed line and outlined by the white box in Figure 9d, the
line density is 0.71 tubes per um for the S nanotubes on the
left and 0.77 tubes per pm for the M nanotubes on the right,
giving an M/S ratio is 1.08. This method can work well even
when CNTs are tightly packed as a continuous film. It has evi-
dent superiority compared with traditional optical techniques
restricted by the diffraction limit (the resolution of which is
lower than ca.1 tube per um).

Summary and Outlook

In this article, we described the concept of a polarization-
based homodyne detection method, based on which, the am-
plitude of single CNT signal is enhanced by two orders of mag-
nitude. Polarization-based homodyne microscopy has been de-
veloped by using the transmission and reflection configura-
tions. Thus, high-throughput optical imaging and spectroscopy
of individual CNTs and horizontal CNT arrays have been realiz-
ed. These techniques have been used for studying CNTs in de-
vices and on diverse substrates, and for probing the absorp-
tion cross-section of individual CNTs and statistical structure in-
formation of CNT arrays. Such a development will accelerate
the controllable growth of CNTs with high density and high
semiconducting purity, and further enhance the understanding
of physics in CNTs and contribute to their application in nano-
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technology eventually. Clearly, this technique is not limited to
CNTs, but establishes a general analytical means for the entire
class of 1D materials with polarization inhomogeneity. Such
techniques can also be extended to quasi-1D materials, like
muscle fibers, DNA long chain, boundaries of 2D materials.
There is no doubt that this technique has plenty of potential
applications in fast characterization and in situ monitoring of
1D nanostructures when applied in the fields of electronics
and biology.
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