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ABSTRACT

We present a novel brush coating method for fabricating a coatable polarizer that utilizes a mixture of functionalized single-walled carbon
nanotubes (h-SWCNTs) grafted with carboxyl and hydroxyl groups and a reactive mesogen (RM), which possess a long-range orientational
ordering of their rod-shaped molecules with photo-sensitive functional groups. The h-SWCNTs are shortened to a length of around 150 nm
by an acid sonochemical oxidation process and then dispersed in an RM solution. The brush-coated thin layer initially consists of h-SWCNT
clusters, but applying an in-plane electric field induces large-scale stretching of these along the field direction, after which the layer is photo-
polymerized by ultraviolet irradiation to form a film embedding the stretched nanotubes. The uniaxially aligned carbon nanotubes (CNTs)
produce a broadband absorption spectrum that enables the film to exhibit an optical anisotropic property that absorbs incident light from
the ultraviolet to the visible spectrum selectively depending on the polarization direction, thus acting as a coatable CNT polarizer. The dis-
persibility and elongation of h-SWCNT clusters induced by applying the electric field, as well as the anisotropic light-absorption properties
of the h-SWCNT film, are investigated.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0018481

. INTRODUCTION as protection films that usually provide zero retardation. However,
due to the multi-layered structure of protection films, the polarizer
A polarizer is now one of the indispensable materials in liquid becomes bulky (>50 pm), which restricts its application to flexi-

crystal displays and organic light-emitting diode displays. A conven- ble display devices. Furthermore, the recent development of flexible
tional polarizer is made of stretched polyvinyl alcohol (PVA) with displays requires novel polarizers that can maintain a higher flexibil-
embedded iodine ions; hence, protection films are required on both ity.” Recently, a coatable polarizer based on lyotropic chromonic

sides of the PVA film." Tri-acetyl cellulose films are widely used (LC), " photoaligned LC, " and dichroic dye incorporated LC
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mixtures' "~ has been proposed, which can overcome these disad-
vantageous. Owing to its ultra-thin thickness of only a few microm-
eters, this film is easily adaptable to any plastic/flexible substrate
utilized for display devices, including bendable and foldable, roll-to-
roll, rugged, or stretchable displays. One of the primary advantages
of coatable polarizers lies in the fact that they are tunable in response
to external stimuli. However, their performance is severely deteri-
orated by lowered thermal stability due to involvement of organic
materials.

Recently, uniformly-aligned carbon nanotubes (CNTs) have
been recognized as a viable alternative to flexible polarizers owing
to their anisotropic optical absorption.” ™ Since one of the intrinsic
properties of CNT's is their 7 plasmon-originated broad absorption
spectrum, uniformly-aligned CNTs can act as an efficient polar-
izer not only for the visible region but also for the ultraviolet (UV)
region.”” Qur group has previously reported a coatable thin-film
polarizer based on functionalized CNT clusters/reactive mesogen
(RM) mixtures, in which the CNT clusters are stretched and uni-
directionally oriented by an external stimulus such as an electric
field.'" While an incident light with its polarization axis perpendicu-
lar to the long axis of the stretched clusters is transmitted through
them, the light with its polarization axis parallel to the long axis
of the stretched clusters is blocked by them. Thanks to remark-
able improvements in the thermal stability and high conductivity
of CNTs over iodine and selective light absorption of stretched
CNT clusters, this approach can extend their applications to many
other areas, from broadband polarizers to more thermal-resistant
and less electrostatic polarizers. This method also offers the advan-
tage of large-scale film manufacturing. Despite their many potential
applications, the conventional approach to obtain a thin film of an
LC/CNT composite by spin coating results in a huge CNT agglom-
eration in which the field-induced orientation is very difficult. In
addition, the low polarization efficiency of CNT polarizers remains
a critical challenge due to the difficulty in achieving large-scale ori-
entation ordering of CNT rods. It is required to develop a robust
method to improve the degree of orientation of CNT rods on a
large-scale.

In this work, we present a brush-coating method for improv-
ing the polarization efficiency of CNT polarizers in large spaces
between electrodes, by enhancing the orientation of functionalized
single-walled CNTs (SWCNTs). The functionalized SWCNT clus-
ters are stretched in an RM medium along the field direction by an
applied electric field. CNT orientation ordering is maintained with
an external electric field as well as the liquid crystal direction field
of RM molecules, while RM polymerization by UV exposure fixes
the CNT alignment. The proposed CNT polarizer has an advantage
of improved CNT alignment over a large area and a wide trans-
mittance spectrum from UV to visible light, as well as being more
cost-effective than CNT polarizers fabricated using the spin-coating
method. Moreover, the ease of processing and uniform polarization
properties of CN'T polarizers not only make them potentially appli-
cable to large-sized flexible displays but also open up new methods
for developing such displays in the future.

Il. EXPERIMENT

An SWCNT sample with carboxyl group functionality was pur-
chased from Avention, Inc. (AV-4122, South Korea). The purchased

scitation.org/journal/adv

pristine SWCNT sample was in a powder form. The average outer
diameter of each SWCNT is ~2 nm while the length varies from
1 ym to 3 pm. Acid sonochemical oxidation treatment was per-
formed to modify the surface functionality and length of the SWC-
NTs."” In brief, 5 mg of pristine SWCNT was dispersed in a mixture
solution of sulfuric acid (3 ml) and nitric acid (1.5 ml), and sono-
chemical treatment was performed by sonicating this mixture for
3 h at 60 °C using an ultrasonic bath (Mujigae, SD-D300H, 40 kHz
frequency and 200 W output). Sonochemically treated SWCNTs
were obtained after separation of the supernatant by centrifuging
at 12000 rpm for 25 min. The obtained sample was again thor-
oughly washed with deionized water to separate the leftover super-
natant. Finally, the sample was oven-dried at 80 °C for 30 min, and
the final powder was collected, which hereafter will be referred to
as h-SWCNTs. The resulting h-SWCNT powder was dispersed in
ethanol solution and stored at room temperature. The function-
ality and morphological analysis of synthesized h-SWCNTs were
verified by Fourier transform infrared spectroscopy (FTIR) (Shi-
madzu, [RTracer-100) and using a field emission scanning electron
microscope (FESEM) (Hitachi, SU-70), respectively.

The h-SWCNT with a known concentration of ethanol was
added to an RM solution (RMS03-013C, from Merck, Germany) and
magnetically stirred for 5 min. A small amount of photo-initiator,
Irgacure-907, was added to this mixture in order to initiate the
crosslinking polymerization of the RM. The homogeneous mixture
of the h-SWCNT and RM was spin-coated or brush-coated onto
a substrate consisting of interdigitated indium-tin-oxide electrodes
(electrode width x separation = 5 x 75 ym®). An electric field was
then applied to the substrate to observe the field-induced stretching
of the h-SWCNT. The ethanol solvent was evaporated by heating the
substrate to 50 °C. The h-SWCNT concentration in the RM solution
was around 2 wt. %.

A schematic of the fabrication process and the electric field-
induced h-SWCNT stretching mechanism is shown in Fig. 1. Before
applying the voltage, the direction of the SWCNT clusters in the RM
solution initially tended to be random due to strong van der Waals
interactions, as shown in Fig. 1(a). As an electric field was applied,
however, both the RM and the SWCNT appeared to undergo a field-
induced reorientation and stretching, along the direction of the elec-
tric field. When an electric field is applied, a strong dielectric cou-
pling between the RM and the electric field aligned them along the
field direction. In the same way, the charge localization and dielec-
trophoresis torque induced under a strong electric field are believed
to stretch the SWCNT cluster along the field direction. * The inter-
action between the RM and the SWCNT can be assumed to be the
same as that for the LC and the SWCNT. In this position, UV irradi-
ation (LC8, Lighting cure, Hamamatsu, 365 nm emission band) with
25 mW/cm® intensity was performed for 120 s to polymerize the
RM which in turn fixes the stretching direction of the SWCNT, as
shown in Fig. 1(b). After UV irradiation, the electric field was with-
drawn, and a stable LC polymer film with unidirectionally oriented
h-SWCNTs was realized, as shown in Fig. 1(c). The wavelength-
dependent characteristics were observed by the UV-visible spec-
troscopy (Scinco, S-3100). A polarizer was connected where polar-
ized light is required. The polarization efficiency of the synthesized
polarizers was estimated by rotating one of the two polarizers fixed
above another of the same type. After passing through the two

polarizers, the relative transmittance of incident white light was
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FIG. 1. Schematic of the pracessing steps for fabricating electric field-induced stretching of h-SWCNT clusters in an RM solution: (a) coating an h-SWCNT and RM mixture on
the substrate with interdigitated electrodes, (b) electric field induced RM orientation and substantial orientation and stretching of h-SWCNT clusters along the field direction
followed by stabilization of the film by using a UV irradiation, and (c) liquid crystal polymer film with aligned h-SWCNTs after withdrawn electric field.

detected by a photodiode at different rotation angles of the lower
polarizer.

11l. RESULTS AND DISCUSSION

Our analysis begins with the functionality and morphologi-
cal characterization of synthesized SWCNTs using an FTIR and
FESEM. The FESEM images of the SWCNT before and after
sonochemical treatment were used for morphological analysis.
Figures 2(a) and 2(b) show the FESEM micrograph of the SWCNT
before and after sonochemical treatment. The average length of
the SWCNTSs was reduced to 150 nm after sonochemical treatment

[calculated from the center wavelength of Gaussian distribution,
Fig. 2(c)]. The surface functionality of the h-SWCNTs was charac-
terized by comparing the in situ FTIR spectra of SWCNTSs that were
achieved before and after sonochemical treatment. The FTIR spectra
shown in Fig. 2(d) exhibit peaks at 3362 cm™" (—OH— stretching),
2917 cm™' (—CH,— stretching), 1711 cm ! (—C=0— stretching in
carboxylic acid), 1578 cm™ (conjugated —C=C— stretching of the
carbon skeleton), and 1174 cm ™' (—C—O— stretching in alcohol).
The absorption bands at 3362 cm ™" and 1711 cm ™" are observed due
to an increase in O—H stretching present in both the carboxylic
acid and alcohol groups and C=0 stretching in carboxylic acids,

respectively. In particular, the new characteristic peak that appears

FIG. 2. FESEM images of the SWCNT
(a) before and (b) after sonochemi-
cal treatment, (c) calculated h-SWCNT
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length distribution and corresponding
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SWCNT before and after sonochemical
treatment.
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FIG. 3. Optical microscopy images of fabricated h-SWCNT films using (a) spin-
coating and (b) brush-coating methods before UV irradiation. The blue arrow
indicates the brushing direction.

at 1400 cm™"' may have originated from the O—H bonding of the
aliphatic group that was grafted onto the CNT sidewalls during the
oxidation treatment. These results clearly show that hydroxyl groups
are introduced onto the surface of the h-SWCNTs, which is in good
agreement with Ref. 15.

Next, our analysis was extended to characterization of field-
induced stretching of h-SWCNTs in an RM solution. A homoge-
neous mixture of the RM and h-SWCNTSs (2 wt. %) was coated
onto the substrate with interdigitated electrodes, and field-induced
stretching of SWCNT's was performed. The thickness of the coated
film fabricated by a spin-coating and a brush-coating technique was
around 1 ym and 1.5 ym, respectively. Figure 3 shows optical micro-
scopic textures of the films fabricated by each coating method. It is
interesting to notice that the same h-SWCNT/RM mixture shows
different degrees of dispersion depending on the coating method
used. As Fig. 2(a) clearly shows, the h-SWCNT rods dispersed in the
mixture were re-aggregated by van der Waals interactions between
them due to the centrifugal force exerted by spin coating, forming
dot-like clusters. When the brush coating method was used, on the
other hand, the h-SWCNTs were uniformly distributed throughout
the region, forming line-like clusters, as shown in Fig. 3(b). Even
though the orientation of the line-like h-SWCNT clusters deviated
slightly from the brushing direction, the overall dispersion of the

scitation.org/journal/adv

h-SWCNT clusters was uniformly spaced. More particularly, large
h-SWCNT clusters were observed in the spin-coated film, while
smaller clusters were evident in the brush-coated samples. The aver-
age cluster size was calculated as ~28 ym and ~8 ym for the spin-
and brush-coated samples, respectively.

In order to stretch the CNT cluster along the field direction,
the applied electric field should be strong enough to overcome the
van der Waals forces between each CNT." In the present study,
the different degrees of dispersion of h-SWCNTs clearly show dis-
tinct van der Waals interactions between them in the LC medium.
Accordingly, a square wave voltage with 60 Hz frequency was
applied to both samples to further investigate the field-induced
behavior of the h-SWCNT clusters. The optical microscopic images
shown in Fig. 4 show that the h-SWCNT clusters were stretched
along the field direction in both films. In particular, when the
electric field was applied to the spin-coated film, most of the h-
SWCNT clusters remained unresponsive to the field due to the
strong van der Waals force resulting from their large size. In con-
trast, when the electric field was applied to the brush-coated film,
the smaller line-shaped h-SWCNT clusters, which were uniformly
dispersed across the sample area with a relatively weak van der
Waals force between them, began responding to the field at 1 V/uym
and stretched out along the electric field direction at 4 V/um. In
a previous study, we found that the threshold for field-induced
stretching was dependent on cluster length; when clusters were
longer, a stronger electric field was required to induce stretching.'
Our results shown in Fig. 4 correspond closely with these previous
findings.

Continuing to investigate the field-induced reorientation of
CNT clusters, we next observed the time-resolved characteristics of
h-SWCNT clusters in the brush-coated sample. Figure 5 shows the
time-dependent behavior of h-SWCNT clusters in response to an
electric field of 4 V/um applied at 60 Hz. The smaller h-SWCNT
clusters stretched out fully along the field direction within 30 s, as
shown in Fig. 5 (top row). While previous studies have reported that
the elastic stretching response of CNT clusters in an LC medium
was around 1 s, in the present study, it took a relatively longer
time of 30 s perhaps due to the high viscosity of the UV-curable
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FIG. 4. Optical microscope images of the (a) spin-coated and (b) brush-coated sample as a function of electric field. Magnified images are shown in the inset. The red color
double arrow indicates the applied field. The blue color arrow indicates the brushing direction.
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FIG. 5. Time-resolved optical microscopic images of h-SWCNT clusters in a thin film of the h-SWCNT/RM fabricated by brush coating. A field of 4 V/um was applied for 30 s

(top row) and then turned-off (bottom row).

RM-like gel. Once the SWCNT clusters had fully stretched out under
the strong field, we withdrew the field and observed their relaxation
mechanism. Very interestingly, the orientation ordering of the h-
SWCNTs remained in the stretched position without resuming their
initial state even after 30 s, as shown in Fig. 5 (bottom row). It can
accordingly be assumed that the proposed approach is capable of
producing efficient polarizers by tuning field-induced orientation
to the structural properties of SWCNT clusters. These results sug-
gest that the field 4 V/um was sufficient to overcome the van der
Waals forces within CNT clusters and to separate them into indi-
viduals or bundles with their long axis parallel to the field direction.
After this, orientational ordering was preserved by the field of the
high-viscosity RM.""**

We further investigated the wavelength-dependent characteris-
tics of the brush-coated polarizer by connecting it to a UV—visible
spectroscope. Field-dependent transmittance properties were also
measured as a function of polarization by supplying an appro-
priate electric field to the coated film. To avoid the possibility
of polymerizing effects during the experiments, we set the inci-
dent light within the visible spectral range (i.e., not the UV-range).
The polarization axis of the incident light was set either parallel
(Ty) or perpendicular (T,) to the direction of the field applied, as
shown in Fig. 6(a), and the transmitted light intensity was mea-
sured in a direction normal to the substrate. At the field-off state,
as expected, both T” and T'; showed only minor differences since
the SWCNTs in each cluster were not properly oriented. As the field
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FIG. 6. (a) Schematic of T, and T of the brush-coated polarizer, (b) measured field-dependent T, Ty, and a, and (c) wavelength-dependent T, T, and aw measured

at a stretched state (at 4 Viym).
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strength increased to 1 V/um, however, the transmittance differ-
ences between the two became more noticeable and in both cases
were higher than those without the electric field. As the field strength
increased from 1 V/um to 4 V/um, the field-dependent extinction
ratio (a,;), defined as T,/ Iy, increased correspondingly from 1.08
to 2,01, as shown in Fig. 6(b). Surprisingly, the transmittance of
both T and T decreased as the electric field increased. An increase
in T, and a decrease in T)| are to be expected as the electric field
increases, if we assume that the orientation ordering of both indi-
vidual and bundled CNTs becomes higher along the field direc-
tion as the electric field increases. The decrease in T is thought
to be associated with the translational motion of stretched SWC-
NTs with increasing field strength, which disturbs their orientational
ordering.” Figure 6(c) shows visible wavelength-dependent trans-
mittance of the brush-coated film in its stretched state (at 4 V/um).
Here, the average T, and T) were found to be 14.5% and 6.5%,
respectively. For its part, the wavelength-dependent extinction ratio,
ay, remained unchanged, which means that the anisotropy in the
absorption of SWCNTSs was almost unchanged across the entire vis-
ible spectra. As with field-dependent transmittance, the wavelength-
dependent transmittance results indicate that more visible light is
absorbed when its electric vector propagates along the long axis
of the stretched h-SWCNT aggregate than in the case when the
electric field propagates along its short axis. The results indicate
that differences in transmittance between T and T, of oriented
h-SWCNT/RM films originate from the polarization selection rule
related to the 77-m transition of electrons between the Van Hove
singularity of the SWCNTs.

Next, a narrow-band UV light with a center wavelength of
365 nm was irradiated onto the h-SWCNT/RM film in order to
polymerize the RM so that the orientational ordering of stretched
SWCNTs could be fixed in an RM polymer matrix. Here, T} and

ARTICLE scitation.org/journal/adv

T, were defined as the transmittance of incident polarized light
when the polarization direction was either parallel or perpendic-
ular, respectively, to the average orientation of the SWCNT. As
shown in Fig. 7(a), the transmission spectra and corresponding
optical microscopy images of the brush-coated samples exhibited
a slight improvement in anisotropic absorption of the SWCNT
after polymerization. In addition, the extinction ratio of the polar-
izer (ap) after polymerization remained constant compared to the
pre-polymerization spectra shown in Fig. 6(c). The inset optical-
microscope images shown in Fig. 7(a) were obtained when the
transmission axis of the polarizer remained parallel and perpen-
dicular to the stretching direction of the h-SWCNT clusters. As is
clearly evident, the stretched h-SWCNTs are visible mostly as dark
lines in the microscope images of T, while they become thinner,
albeit not completely transparent, in the microscope images of T',.
This suggests that although the orientational degree of individual
CNTs in a stretched cluster was perfectly aligned, some large clus-
ters may not have stretched out well along the field direction, which
would account for the low aj yield. Another noteworthy observa-
tion was that the transmittance of both Ty and T, was increased
after polymerization, which preserves the orientational ordering of
the stretched CNTs in smaller clusters via a translational motion
by cross-linking RM molecules in a predefined direction. However,
the polymerization processing seemed to slightly decrease a, while
increasing transmittance, which followed the physical characteris-
tics of a conventional iodine-type polarizer, in which the lower the
degree of polarization (DOP), the higher the transmittance. The
degree of polarization (DOP), defined as {(T, — T))/(T, + T“)}”2
x 100%, was calculated as ~37%, as shown in Fig. 7(b). The small
DOP is thought to be due to the low concentration of SWCNTs.
Figure 7(c) shows the wavelength-dependent transmittance of a
single h-SWCNT film fabricated without using a polarizer ie.,

(b)

FIG. 7. (a) Measured transmittance of
Ty, Ty, and ap as a function of vis-
ible wavelength and insets are opti-
cal microphotographs of the stretched
CNT embedded in a liquid crystal poly-
mer matrix when the polarized direc-

tion of incident light is parallel and
perpendicular fo the long axes of the

stretched CNTs. The arrow on micro-
(d) scopic images indicates the transmission
axis of the polarizer, (b) the calculated
DOP after polymerization of the RM, (c)
wavelength-dependent transmittance of
fabricated polarizer. The incident light is
unpolarized here, and (d) the measured
retardation of the polarizer.
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unpolarized light. As shown in Fig. 7(c), the film was capable of
extending the attenuation of incident light in the UV region (the
transmittance of a conventional iodine polarizer below 400 nm was
almost zero) while providing a wider operating wavelength range
from 300 nm to 700 nm, suggesting that the proposed polarizer can
work in the UV region as well. The alignment of RM molecules was
also confirmed by measuring the retardation value of the film by
using REMS-150 (Sesim Photonics Technology). The finite retar-
dation value, shown in Fig, 7(d), indicates that the RM molecules
are aligned along the electric field direction so that the polymerized
film may create an optic axis. In other words, as a result of the com-
bined effect of the RM and the SWCNT, the film acts both as an
optical polarizer from the UV to visible wavelength and as an optical
birefringent film.

In a final step, the efficiency of the two coatable polarizers was
examined by rotating them while positioned above one another and
measuring the resulting transmitted light. Unpolarized white light
was used as the light source. The upper polarizer was fixed, while
the lower one was rotated from 0° to 180°. As seen in Fig. 8, the
two polarizers exhibited maximum transmittance when parallel to
one another. Furthermore, the light transmittance decreases with
an increase in the polarizer’s rotation angle and achieved minimum
transmittance when the two polarizers are crossed, i.e., 90° to each
other. In other words, polarized light transmitted from the upper
polarizer was mostly absorbed by the lower one, thereby reducing
transmission to a minimum. In both cases, the transmitted light is
found to be a linearly polarized light in a direction perpendicular to
the average orientation of the SWCNT. However, when the polar-
izers crossed, the brush-coated polarizer effectively absorbs most
of the incident light [Fig. 8(b)], whereas the spin-coated polarizer
emitted feeble light even in a direction normal to the polarizers
[Fig. &(a)]. Field-induced stretching of SWCNT clusters attained a
high degree of relative orientation after the polarization of the RM
in the brush-coating method, which is effective in absorbing inci-
dent light. Not only does the brush-coated polarizer act as an effi-
cient birefringent polarizer but it also has the advantages of ease
of manufacture coupled with reduced device costs and large-area

displays.

IV. CONCLUSION

We have demonstrated here an optical polarizing CNT film in
which a solution of short-length CNTs and an RM is brush-coated

onto a substrate, after which an electric field assists in stretching out
the CNT clusters and aligning their long axes and the RM with the
field direction. The solution is polymerized by UV irradiation, fix-
ing the orientational ordering of the stretched CNTs and the RM.
The h-SWCNT polarizer fabricated using a brush-coating method
shows a highly uniform dispersion of the CNT over a large area com-
pared to that fabricated using the conventional spin-coating method,
which makes field-induced stretching possible. Very interestingly,
the optical film composed of stretched h-SWCNTs shows selective
anisotropic light absorption properties, from UV to visible light,
and birefringence, enabling it to act both as a polarizer and an opti-
cal film. While the brush-coating method for fabricating h-SWCNT
polarizers confirms the feasibility of a broadband film polarizer that
can be applied to flexible displays, substantial future improvements
in its degree of polarization are nevertheless still required.
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